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ABSTRACT

Significant expansion of agricultural land use has been widely recognized for leading to
global and regional negative environmental impacts, especially increased eutrophication of
surface water systems for the last half-century. The landscape-scale environmental problem of
overloading nutrients to lakes and streams by excessive fertilizer use and increased humancaused N-fixation is in urgent need of a sustainable landscape-scale solution. Wetlands have long
been considered as an effective way to remove nutrients from surface water. However, the
influence of regional seasonality and hydrologic conditions on agricultural runoff treatment
wetlands still needs more investigation. A new approach, “wetlaculture,” has recently described
as a landscape rotating between wetlands and agriculture. However, before practicing
wetlaculture at large landscape scales, it is essential first to conduct comprehensive wetlaculture
process studies, choose suitable wetland locations, provide appropriate wetland designs, and
target appropriate nutrient retention goals. This study uses both mesocosm physical models and a
landscape mathematical model to investigate the rates of nutrient retention in two major
watersheds in Ohio (Ohio River Basin and Great Lakes Basin).
Two wetlaculture experiments with replicated mesocosms, one at Buckeye Lake, Ohio,
which started in October 2017, and the other at Defiance, Ohio, which began in October 2018,
are located at former swamp area and has an identical design of construction and hydrologic
conditions. Each mesocosm compound experiment consisted of twenty-eight 380 L, 1-m2
RubbermaidTM tubs filled with local hydric soil. The sedge Schoenoplectus tabernaemontani was
viii

planted in each mesocosm tub at both sites. Each mesocosm compound was assigned to four
hydrologic treatments involving two water depths (no standing water and ~10-cm of standing
water) and two hydraulic loading rates (10 and 30 cm week-1). Nearby ditch/river water
containing agricultural runoff was pumped weekly into an elevated water feed tank system, to
provide weekly hydraulic loading rates to the mesocosms. Inflow and outflow water samples
from each wetland mesocosm were collected and analyzed for soluble reactive phosphorus, total
phosphorus (TP), nitrate+nitrite (NOx-N), and total Kjeldahl nitrogen (TKN), every other week
during hydroperiods. Total nitrogen (TN) was estimated as the sum of TKN and NOx-N.
Chapter two and chapter three present the influence of hydrologic conditions on nutrient
retention, and soil and plant development at Buckeye Lake wetlaculture mesocosm site (BLW)
and Defiance wetlaculture mesocosm site (DW), respectively. In August 2019, 17 and 12
species, included the introduced S. tabernaemontani, were identified in the wetland mesocosms
at BLW and DW, respectively. The wetland mesocosms at both sites soon became nutrient sinks.
Over the study period, the average removal efficiencies of TP (71±1.3%) at DW was higher than
the average removal efficiencies of TP (38±2.5%) at BLW. However, the average removal
efficiencies of TN (41±1.6%) at DW was lower than the average removal efficiencies of TN
(44±1%) at BLW. The combination of a high HLR (30 cm week-1) and 10 cm of standing water
achieved the best nitrogen removal efficiencies. In comparison, the highest phosphorus removal
occurred with the combination of a high HLR (30 cm week-1) and no standing water at BLW.
While the combination of a high HLR (30 cm week -1) and 10 cm of standing water achieved the
best phosphorus and nitrogen removal efficiencies at DW. For the DW site, net mass retention of
phosphorus from the water was estimated to average 1.0 g P m-2 over two years in the wetland
mesocosms with a high hydraulic loading rate while the highest estimated net nitrogen mass
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retention was 22 g N m-2 over two years. For the BLW site, the highest estimated net phosphorus
and nitrogen mass retentions were 2.9 g P m-2 and 30 g N m-2 over three years, respectively.
These mass retention rates of nitrogen and phosphorus, when extrapolated to a full year, compare
well to rates measured by a long-term study carried out in central Ohio from 1994 to 2010.
There were no significant differences in soil phosphorus concentrations at either site
before or after these studies. However, at BLW site, concentrations of soil carbon and nitrogen
were significantly higher in 2019 than in 2016, increasing by 39% and 19% respectively through
the three years of mesocosm experimentation.
Chapter four estimates the location for potential wetlaculture sites in the Western Lake
Erie Basin (WLEB) and the Great Black Swamp (GBS) by using a GIS-based suitability analysis
model. Wetlaculture places were limited to lands with actual cropland and hydric soils. Multiple
criteria of topography, hydrology conditions and soil features for suitability were reclassified
into a scoring system, ranged from 0 to 5. Three models with various weight index combinations
were tested. Overall, the estimated area of highly suitable potential wetland/wetlaculture areas in
the Western Lake Erie Basin and the Great Black Swamp areas are approximately 1000 km2
(3%) and 800 km2 (12%), respectively, much larger than the 400 km2 of wetlands that have been
suggested as necessary to control algal blooms in Lake Erie.
This study provides valuable information for scaling up to pilot-scale demonstrations for
restoring significant areas of wetlands from farmlands in the former Great Swamp to reduce
nutrient loading from agricultural watersheds to lakes and streams in the Ohio River Basin.
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CHAPTER ONE: INTRODUCTION

Significant expansion of agricultural land use has been widely recognized for leading to
global and regional negative environmental impacts, especially reduced soil fertility and
increased eutrophication of surface water systems for the last few decades (Matson et al., 1997;
Carpenter et al., 1998; Hamilton et al., 2018). Examples include Lake Taihu in China (Huang et
al., 2018; Wu et al., 2018), Lake Winnipeg in Canada (Ulrich et al., 2016), Lake Okeechobee and
adjacent rivers and estuaries (Haan, 1995; He et al., 2014; Corrales et al., 2017; Kramer et al.,
2018) and the Laurentian Great Lakes, especially Lake Erie (Gons et al., 2008; Robertson and
Saad, 2011; Michalak et al., 2013; Scavia et al., 2016; Mitsch, 2017b; Scavia et al., 2017; Wilson
et al., 2018). Phosphorus (P) and nitrogen (N), the two main elements in fertilizer, are critical
limiting factors of harmful algal blooms (HABs) (Reddy et al., 1999; Bennett et al., 2001;
Sharpley and Wang, 2014).
In the U.S., best management practices have been proposed for reducing fertilizer usage
(Christen and Ayars, 2001; Meals et al., 2010) but given population increases and agricultural
acceleration, these practices are often ineffective for meeting nutrient reduction goals (Mitsch
2017; Kalcic et al., 2018). Many U.S. regions are still showing lower nitrogen use efficiency
combining with enormous amounts of fertilizer application (Swaney et al., 2018). Models
showed that the agricultural runoff in the Mississippi River Basin contributed over half of the P
and N into the Gulf of Mexico, which is facing severe hypoxia issues (Rabalais et al., 2002;
Robertson and Saad, 2013; Hanrahan et al., 2018). Meanwhile, agricultural runoff in the
1

Maumee River basin, a critical phosphorus source, loads high-nutrient-water into lake Erie every
year (Khan and Ansari, 2005; Mitsch, 2017b; Scavia et al., 2017; Wilson et al., 2018). The
landscape-scale environmental problem of overloading nutrients to lakes and streams by
excessive fertilizer use and increased human-caused N-fixation is in urgent need of a sustainable
landscape-scale solution (Schindler, 1977; Galloway et al., 1995; Mitsch and Gosselink, 2015).

1.1 Treatment wetlands
Wetlands have long been considered an effective way to remove nutrients before runoff
entering rivers or lakes (Mitsch et al., 2000; Land et al., 2016). The agricultural and urban
stormwater treatment function of wetlands can be significant with different natural or artificial
system constructions, locations, and management strategies. Midwestern USA riparian wetland
systems can retain phosphorus at about 1 – 4 g-P m-2 yr-1 (Mitsch et al., 1995, 2014). Craft and
Richardson (1998) estimated a phosphorus accumulation in the Florida Everglades of 0.46 g-P
m-2 yr-1, mostly by peat accretion in the soils, while Mitsch et al. (2015) reported retention rates
for constructed wetlands in the Everglades of 1.25 g-P m-2 yr-1. Regular nutrient retention rates
of sustainable wetlands have been suggested to range from 10 to 40 g-N m-2 yr-1 and 0.5 to 5 g-P
m -2 yr-1 (Mitsch et al., 2000). Land et al.’s (2016) survey suggested that treatment wetlands are
sometimes averaging three to four times higher nutrient retention rates, but it is unknown if these
loading rates were sustainable. Moreover, the influence of regional seasonality and hydrologic
conditions on agricultural runoff treatment wetlands are still in need of more investigation (Land
et al., 2016).

2

1.2 Wetlaculture
A new term “wetlaculture” and its practice were recently described by Mitsch (2017a, b,
2018) as a landscape consisting of rotating ‘wetlands and agriculture.’ First, created or restored
wetlands retain nutrients from agricultural drainage water, accumulating the nutrients in the
wetland soil. Then, after some number of years, these wetlands are “flipped” to farmland that
utilizes the captured nutrients, thereby reducing fertilizer usage. However, before practicing
wetlaculture at a large landscape scale, it is essential first to conduct comprehensive wetlaculture
process studies as was the purpose of these mesocosm experiments. This experiment will
investigate the first 2 to 3 years of what are planned to be 10-year wetlaculture experiments in
Ohio. Another wetlaculture research is currently underway in south Florida Mitsch, 2018).

1.3 Wetland mesocosms study
Wetland research has been conducted at various scales, such as micro-, mesocosms,
macrocosms, and landscape-scale systems (Reddy et al., 1999; Mitsch et al., 2000, 2009, 2015;
Ahn and Mitsch, 2001; White et al., 2006; Simonin et al., 2018; Zhang et al., 2018). Mesocosm
research is one standard scientific method for investigating wetland function (Ahn and Mitsch,
2001; Ahn et al., 2001; Casierra-Martínez et al., 2017; de Rozari et al., 2018). Reddy et al.
(1999) suggested that the evaluation of nutrient retention by using small-scale wetland
experiments could improve the understanding and estimation of extended time-space scale
nutrient removal.
Wetland mesocosms are typically designed as simplified, small simulations of wetland
ecosystems with specific controlled conditions. Investigation with these miniature wetland
systems can provide a scientific framework to guide wetland managers and decision-makers.
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Mitsch et al. (2015) conducted a three-year mesocosm (6 m x 1 m x 1 m) study in south Florida
which concluded that if ten times the wetland area of current Stormwater Treatment Areas
(STAs) were implemented with a hydraulic loading rate of 2.6 cm day-1, there could be a
reduction in total phosphorus from 30 ppb to 10 ppb.
Wetland mesocosm studies have also been used to investigate the importance of various
factors on nutrient retention rates, including artificial substrate (Ahn et al., 2001, 2001b) oxygen
availability (Ouellet-Plamondon et al., 2006), hydrologic pulsing (Zhang et al., 2012), and
vegetation communities (Marois et al., 2015). While every component of a wetland system is
connected through biological, chemical, and physical processes, hydrological conditions, such as
hydroperiod, water level, and loading rates, are considered primary factors for maintaining
wetland water treatment function (Mitsch and Gosselink, 2015). A two-year mesocosm (1.22 m x
1.65 m x 0.46 m) study in California showed that hydroperiod variation could lead to more
fluctuating P retention rates, comparing to steadier N retention rates (Busnardo et al., 1992).
Cusell et al. (2013) collected soil from two rich fens in the Netherlands and carried out a
mesocosm experiment with controlled water levels. The study showed that low-water levels (15
cm lower than the soil surface) caused reduced pH, and high-water levels (15 cm above the soil
surface) resulted in higher P mobilization.
It is essential to qualify and quantify the impacts of hydrological conditions on the
biogeochemical processes in various regions, particularly agricultural watersheds that were
initially wetland. By comparing different water levels, hydraulic loading rates, and soil
accumulation in an agricultural runoff treatment wetland system, this proposed research will
provide a valuable understanding of wetland mechanisms and dynamics. Moreover, dynamic and
spatial mathematical models basing on wetland mesocosm investigations can be developed to
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predict the behavior of landscape-scale wetlands (Marois and Mitsch, 2016; Messer et al., 2017).

1.4 Wetland landscape modeling
For wetland studies, the incorporation of spatial analysis can enhance the understanding
of the spatial pattern and relationship between different factors, such as hydrology, hydric soils
(Russell et al., 1997; Chang, 2008). Mapping research in the 1980s shows that almost 90% of
historical wetlands were drained to develop farmland in the central plains, and temperate prairies
and soils were typically wetland soils, called hydric soils (Horvath et al., 2017). Moreover,
spatial modeling and simulation can be used to predict the ecological properties of wetlands,
especially the function of water quality improvement for agricultural runoff (McCauley and
Jenkins, 2005). Russell et al. (1997) used geographic information system (GIS) and U.S.
Geological Survey (USGS) 30-m digital elevation models to map potential sites for riparian
restoration. Russell’s model included wetness indices (low, medium, and high levels), land size,
and proportion of riparian types of vegetation. These were applied to the San Luis Rey River
watershed in southern California for identifying potential restoration sites. Horvath et al. (2017)
estimated that 46.7 million ha of agricultural land could be potentially restorable wetlands all
over the United States. However, few studies have considered mapping agricultural land for
potential conversion into treatment wetlands on a watershed-landscape scale with the goal of
nutrient recycling.

1.5 Research objectives and testable hypotheses
This study plans to use both mesocosm physical models and landscape mathematical
models to investigate the rates of nutrient retention in two different watersheds in Ohio (Ohio

5

River Basin and Great Lakes Basin). The overall hypothesis is that wetland systems can be
restored from historic wetlands in agricultural watersheds and can serve as nutrient sinks. A
balanced nutrient flux can eventually be established, and nutrients will be retained in the internal
cycling among water, vegetation, and soils and eventually exporting fewer nutrients compared to
the inflows (Figure 1.1).

1.5.1 Research objectives
Research objectives include quantifying the capacity of wetlands to retain phosphorus
and nitrogen-based results from spring, summer, and autumn sampling at the two mesocosm sites
in Ohio, one in the Ohio River Basin and one in the Great Lakes Basin. These objectives and
results will specifically be explained in chapters two, three, and four.
Chapter two (Buckeye lake wetlaculture mesocosm site) and chapter three (Defiance
wetlaculture mesocosm site) objectives are to 1) determine the time series distribution of
phosphorus and nitrogen; 2) compare the effects of two different hydrologic loading rates and
water levels on nutrient removal capacity, and 3) estimate the wetland nutrient retention capacity
over the first 2 to 3 years of these long-term mesocosm experiments. Chapter four will focus on
quantifying the magnitude and location of potential wetlaculture sites in the Western Lake Erie
Basin and the Great Black Swamp area.

1.5.2 Testable hypotheses
1) Shallow water level wetlands (saturated soil) will lead to higher nutrient removal rates
than will deep water level wetlands (~10 cm of standing water).
2) High hydrologic loading rates (~30 cm/week) will help achieve higher retention of
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nutrient mass than low hydrologic loading rates.
3) Greater diversity of plant types and species will occur in the shallow wetlands than the
deep ones.
4) Higher primary productivity will occur in the high nutrient loading wetlands than the low
nutrient loading ones.
The landscape suitability analysis will not test formal hypotheses but rather will compare
different score systems with various weighted factors, such as land cover, land use, compound
topographic indices, (CTI), drainage class, hydrologic conditions, soil type and order, and other
landscape parameters. The suitable areas for potential wetland restoration in the Western Lake
Erie and Buckeye Lake watersheds will be estimated using an ArcGIS model.
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Figure 1.1 Illustration of the internal nutrient flux among the three main wetland components
(water, soil, plants) in the wetlaculture mesocosms.
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CHAPTER TWO: INFLUENCE OF HYDROLOGIC CONDITIONS ON NUTRIENT
RETENTION, AND SOIL AND PLANT DEVELOPMENT IN A FORMER CENTRAL
OHIO SWAMP: A WETLACULTURE MESOCOSM EXPERIMENT

2. 1 Abstract
Agricultural runoff is considered a significant contributor of nutrients to downstream
waters. “Wetlaculture” has a goal of reducing the need for fertilizer applications while
preventing fluxes of nutrients to downstream aquatic ecosystems. A mesocosm compound
consisted of twenty-eight 380 L, 1-m2 tubs filled with local hydric soil was initiated in mid-2016,
and, in October 2016, each mesocosm tub was planted with the sedge Schoenoplectus
tabernaemontani. The mesocosms were assigned to four hydrologic treatments involving two
water depths and two hydraulic loading rates (HLR’s). Nearby river water containing significant
agricultural runoff was added weekly into a water feed tank system to provide weekly hydraulic
loadings to the mesocosms. Inflow and outflow water samples from each wetland mesocosm
were collected and analyzed for five species of nitrogen and phosphorus. Due to the depressional
location of the mesocosm compound and extreme rainfall events, flooding events happened in
different seasons with various duration and water depth. Comparing the water quality in the
week before and after flooding showed that the flooding had positive impacts on the removal
efficiency of NOx (nitrate + nitrite nitrogen) and a negative effect on the removal efficiency of
TP (total phosphorus) and TKN (total Kjeldahl nitrogen). By August 2019, 17 plant species,
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including the introduced S. tabernaemontani, were present in the wetland mesocosms. The
wetland mesocosms soon became nutrient sinks with average removal efficiencies of total
phosphorus (TP) and total nitrogen (TN) of 38±2.5% and 44±1%, respectively, through the
three-year experiment. The combination of a high HLR (30 cm week-1) and 10 cm of standing
water achieved the best nitrogen removal efficiencies. In comparison, the highest phosphorus
removal occurred with the combination of a high HLR (30 cm week-1) and no standing water.
Macrophyte plant community richness was influenced more by water depth than by hydraulic
loading rate. Implications for future wetlaculture studies and non-point pollutant management in
the agricultural watershed are discussed.

2.2 Introduction
Agricultural runoff has been considered a significant contributor to landscape
eutrophication in recent decades (Paredes et al., 2020). Nutrient retention at nonpoint sources
may be vital in protecting natural water systems and public health (Nõges et al., 2016). Wetlands
have been proposed as treatment systems for agricultural runoff worldwide (Vymazal, 2011;
Sharpley et al., 2013; Cheng and Basu, 2017). Wetlaculture is designed as a sustainable
integrated agriculture-wetland ecosystem aiming at solving landscape-level environmental issues
(Mitsch, 2017a,b; 2018). Recycling nutrients from wastewater through wetland systems is
considered as an ecological engineered, sustainable approach to solving eutrophication and other
environmental problems (Mitsch et al., 2000; Banaszuk et al., 2020). This study will investigate
the first three years of a wetlaculture experiment in central Ohio. Others are currently in place or
in planning for Defiance, Ohio and Naples, Florida (Mitsch, 2017b, 2018, Chapter 3).
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On-site studies investigating nutrient reduction by stormwater treatment wetlands are
needed in many regions due to the full range of soil and climatic conditions, as well as a wide
variety of wetland designs and management techniques (Vymazal, 2009; Wu et al., 2014; Mitsch
and Gosselink, 2015; Baulch et al., 2019). Understanding the details of phosphorus and nitrogen
biogeochemistry in wetlands is important, primarily when the wetlands are used to improve
water quality (Mitsch et al., 2012, 2014). The physical, biological, and chemical transformations
of phosphorus and nitrogen in wetlands connect all the compartments of wetlands and lead to a
dynamic internal and external mass balance changing through seasons and years (RycewiczBorecki et al., 2017; Guo et al., 2018; Saeed et al., 2019; Zhu et al., 2019). Under conditions of
various hydroclimate which could lead to extreme wet or dry periods, well-designed and
maintained hydrological conditions are important for achieving the targeted nutrient retention
goals in wetlands (Anderson and Mitsch, 2005; Haque et al., 2018; Baulch et al., 2019; Audet et
al., 2020).
The objective of this research was to estimate, with replicated wetlaculture mesocosms,
the effectiveness of restored wetlands in retaining nutrients from agricultural runoff in a former
swamp area in central Ohio, USA. Specifically, this study examines 1) the impact of hydrologic
conditions on nutrient retention by freshwater wetland mesocosms and 2) the importance of plant
community succession and soil development on nutrient retention. The capabilities of wetlands
to remove nutrients were the first phase of a two-phase wetlaculture experiment. The second
phase, establishment of agricultural that utilizes the nutrients captured by the wetlands, will be
investigated in these same mesocosm compounds in future years (Mitsch, 2017a,b; 2018).
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2.3 Methods
2.3.1 Site description
A 100-m2 wetlaculture mesocosm compound was established near Buckeye Lake
(Latitude 39°55'51.54"N, Longitude 82°30'5.34"W) in the Ohio River Basin in 2016-17 on a
seasonally flooded landscape. The mesocosm site is at the northwest corner of the lake and on
the south bank of the South Fork of the Licking River (Figure 2.1). The river flows from west to
east, and 760 m3 day-1 of designed flow enters the river from Buckeye Lake (Kasich and Nally,
2012).
Buckeye Lake, an artificial 3,200 ha reservoir with an average water depth of 2.5 m and a
maximum depth of 7 m, was constructed from a swamp in the 1830s (Tressler et al., 1940; Akins
et al., 2018). As a feeder lake for the Ohio and Erie canal system, it was initially designed to help
connect the Great Lakes and Ohio River Basins (Figure 2.1). The original wetland, called the
Great Swamp, was a ‘postglacial cranberry-sphagnum bog’ first discovered by European settlers
in 1751 (Detmers, 1912). The Ohio Canal Commission started building a dike along the western
edge of the swamp in 1825. After the reservoir project was completed and water level increased,
a 20-ha floating island of sphagnum moss floated to the surface along the lake’s north shore. It is
now protected and called Cranberry Bog State Nature Preserve. Buckeye Lake is part of the
Muskingum River watershed, which, in turn, is a major tributary of the Ohio River and the
largest drainage area for water supply in Ohio (Palmer, 1964).
Buckeye Lake has been fed with agricultural runoff from surrounding farms (61% row
crop, 13% pasture) for decades (Kasich and Nally, 2012) and has been identified as one of the
top ten lakes in Ohio with a severe potential to public health concerns (Gorham et al., 2017).
Tressler et al. (1940) did a detailed study of the lake in the summer of 1930 and described the
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eutrophic lake as ‘pea soup.’ The Ohio Department of Natural Resources (ODNR) has begun to
dredge the bottom sediments of the eastern part of the lake, suggesting that this strategy ‘will
make Buckeye Lake safer’ for human use and recreation (Fornataro, 2018).

2.3.2 Wetland mesocosm experiments
2.3.2.1 Hydrologic experiment
The wetlaculture mesocosm compound has 28 mesocosm tub, each with a surface area of
1 m2 and designed to simulate 28 vertical-flow through wetland systems (Figure 2.2). Four
hydrologic treatments are grouped by combining two HLR (a high HLRH of 30 cm/week; and a
low HLRL of 10cm/week) and two water levels (surface water (SW)wetlands with a water depth
of 10 cm; and no standing water (NSW) wetlands with saturated soil but no standing water)
(Figure 2.2). Each hydrologic treatment has seven replicates. From 2017 through 2019, water
from the nearby South Fork Licking River was pumped into three elevated 6 m3 tanks and fed by
gravity to the 28 mesocosms. Water flows vertically through the mesocosm soils and exits from
the bottom of the tub through a standpipe, with the standpipe height determining the water level
in each mesocosm.
Daily precipitation data from the Buckeye Lake, Ohio weather station were downloaded
from the NOAA (2020) database. Daily depth to groundwater and water levels (above sea level)
of the South Fork Licking River and Buckeye Lake was downloaded from a nearby U.S.
Geological Survey (2019) National Water Information System. Since there were several periods
when the site was flooded due to major rainfall events, the depth of floodwaters at the
experimental mesocosm site was also measured manually using a staff gauge on-site.
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2.3.2.2 Water and soil sampling and analysis
Water samples of the mesocosm inflows and outflows were collected every two weeks
during the hydrologic experiment, usually from mid-March through early November from 2017
through 2019. Samples were analyzed for four species of nitrogen and phosphorus (total
phosphorus (TP), soluble reactive phosphorus (SRP), nitrate+nitrite (NOx-N), and total Kjeldahl
nitrogen (TKN)) by using Smartchem 200 (Westco, Scientific Insturments, Inc.) with following
EPA standard methods (USEPA, 1983, 1993a, 1993b, 1993c). SRP and NOx-N are tested from
filtered (through 0.45 μm membrane) and cooled (<4℃) water samples within 48 hours. TP and
TKN analyses are done on acid-preserved (1<pH<2) water samples digested in a block digestor
with standard digestion procedures. TP and SRP are determined by the ascorbic acid and a
molybdate color reagent method. TKN is determined by the salicylate and hypochlorite
colorimetric method, while NOx-N is estimated by the colored azo dye through a tubular
copperized cadmium reactor in Smartchem. Total nitrogen (TN) is calculated as the sum of TKN
and NOx-N.
Soil samples were collected from 8 randomly selected mesocosms in October 2016,
and 2 randomly chosen mesocosms in each hydrologic treatment in October 2019, at a depth of
0-20 cm with a 2-cm stainless steel hand-held soil probe. Soil samples were air-dried indoors at
room temperature until a constant mass was reached. Each soil sample was then ground and
passed through a 2-mm sieve. Samples were analyzed at the Service Testing and Research Lab of
The Ohio State University in Wooster. International standard methods were used for testing total
carbon (ISO, 1995). Total phosphorus was digested with HClO4/HNO3 and then determined by
inductively coupled plasma (ICP) emission spectrometry (Sommers and Nelson, 1972). Total
nitrogen was determined by AOAC International (2002) standard method 990.03.
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2.3.2.3 Vegetation survey
Vegetation surveys of macrophytes in each mesocosm were undertaken during peak
biomass in August 2018 and 2019. Plant species and coverage were recorded for each
mesocosm, and the species were categorized as OBL= obligate wetland species; FACW=
facultative wetland species; FACU= facultative upland species; UPL= obligate upland species
and NL= not in the list, by applying wetland indicator status of Northeast US region 1 list (Reed,
1988). Wetland species were identified as being OBL or FACW basing on the national list in
region 1 (Reed, 1988). Plant species coverage is a percentage of the mesocosm area covered by
a particular species. Species richness is the total number of species counted.

2.3.3 Statistics
All data were tested for normality. If normally distributed, Student’s t-test or one-way
ANOVA were used, assuming a confidence interval of 95%. Otherwise, non-parametric tests
were used. Multiple group comparisons were operated with one-way ANOVA, including pos
hoc. All statistical analysis was performed in IBM SPSS Statistics 26.0.

2.4 Results
2.4.1 Hydrologic regime and budgets
The Buckeye Lake mesocosm site is in a depressional wetland area with frequent surface
water flooding in the spring and summer. Its hydrology was directly impacted by precipitation
and groundwater levels and indirectly by the water levels of the nearby river and Buckeye Lake
(Figure 2.3). From 2017, 2018, and 2019, the periods of experimentation for the mesocosm
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wetlands in each year were 16, 19, and 23 weeks, respectively (Figure 2.4). Local flooding in
each of the three years prevented experimental loading and sampling during flood times.
Annual rainfall totals at Buckeye Lake were 120, 141, and 123 cm in 2017, 2018, and
2019, respectively. For the experimental study period, total rainfall was 210 cm. Total rainfall
was 12% of the high HLR and 36% of the low HLR. The highest daily rainfall (10 cm) occurred
on July 11, 2017, leading to the first flooding event. This flood resulted in the highest flooding
water depth (32 cm) and the longest duration of flooding at the site (Figure 2.3). In the following
two years, short-term spring flooding frequently happened in March and April, while summer
flooding occurred in July. In August and September, when the groundwater level reached annual
lows, the site did not flood. As Figure 2.3 illustrates, the water level of the river matches
precipitation patterns; however, the site flooding was never caused directly by river flooding due
to the protection of a high bank and an artificial levee. However, sharp peaks of groundwater
and Buckeye Lake levels matched the site flooding periods. Moreover, the water level of
Buckeye Lake in 2019 was much higher than the previous two years, which might explain the
increase in flooding events at the site in the summer of 2019.

2.4.2 Temporal patterns of water quality and nutrient retention
Water quality of inflows and outflows of the mesocosms are shown in Table 2.1 and
Figure 2.4. Mean ± SE nutrient concentrations of total phosphorus (TP) and total nitrogen (TN)
in the inflow (335±21 ppb and 3.37±0.13 ppm) were significantly higher than in outflow (187±8
ppb and 1.75±0.043 ppm) for the three years of sampling (t-test for TP, F=0.114, p<0.0001; t-test
for TN, F=1.307, p<0.0001).
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2.4.2.1 Total phosphorus
The annual TP concentrations in inflow and outflow in 2018 were significantly lower
than the other two hydro-years (ANOVA for inflow, p=0.022; ANOVA for outflow, p<0.0001)
Table 2.1). There was also a significant difference among monthly inflow TP (F=16.014,
p<0.0001). The lowest monthly TP concentration in May (mean 164±28 ppb) was significantly
lower than the highest value in October (548 ± 46 ppb) (Post Hoc test, p<0.0001). Overall,
outflows show similar seasonal trends with inflow. However, the flooding events also impacted
TP concentrations in the outflow, especially the first-week post-flooding (Figure 2.3a). In the
week following the first flooding event in July 2017, the outflow total phosphorus increased by
184 % over the outflow total phosphorus in the week prior to this flood. However, the spring and
summer flooding in 2018 and 2019 did not show a significant increase in total phosphorus of the
outflow compared to the weeks pre-flooding and post-flooding.
General mean total phosphorus retention was 38 ± 2.5% through the three-year study.
There was a significant difference in TP removal efficiency between 2017 and the following two
years (Figure 2.5.a; F=12.142, p<0.0001). The first summer’s flood events and the still
incomplete colonization of plants could be the potential reason for lower retention rates in 2017
(Figure 2.5a).

2.4.2.2 Soluble reactive phosphorus
Overall, mean inflow and outflow SRP concentrations were 218 ± 18 ppb and 70 ± three
ppb through the three years. This trend was consistent with TP inflow. The second-year inflow
SRP was significantly lower than the other two years while the outflow SRP decreased each
year, from 2017 to 2019. (Table 2.1). From May to October, the SRP inflow increased from 74 ±
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13 ppb to 429 ± 48 ppb. Each year, the outflow SRP responded differently to flooding (Figure
2.4b). As with TP, the first flooding in 2017 led to an increase of 44% in SRP outflow over preflooding numbers. However, there was no significant difference between pre-flooding and postflooding in 2018 and 2019.
Inflow was significantly higher than outflow (t-test, F=68.413, p<0.0001) with an overall
positive removal efficiency of 53±3%. In contrast to TP removal efficiency, SRP removal
efficiency in 2017 was significantly lower than the other two years (ANOVA, F=11.715,
p<0.0001) (Figure 2.5b).

2.4.2.3 Total nitrogen
Total nitrogen (TN) inflow concentrations showed temporal variance over annual and
seasonal patterns (Table 2.1 and Figure 2.3c). Outflow TN in 2017 was significantly higher than
the following two years (p<0.0001), while there was no significant difference among annual
inflow TN concentrations (Table 2.1). Inflow TN increased from May (2.63 ± 0.23 ppm), peaked
in June (4.63 ± 0.16 ppm), and then decreased (2.38 ± 0.19 ppm) at the end of August. The
second, increasing trend occurred in the fall. The trend of TN concentration in outflow was
consistent with TN inflow.
The average inflow total nitrogen was significantly higher than the average outflow
(Mann-Whitney U test, p<0.0001), with a mean removal efficiency of 44±1%. TN removal
efficiency in 2018 and 2019 was significantly higher than in 2017 (ANOVA, F=15.583,
p<0.0001; Figure 2.5c). It could be explained by the first summer’s flood events and the still
incomplete colonization of plants compared to the second and third years.
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2.4.2.4 Nitrate + nitrite
Annual and seasonal trends of nitrate + nitrite (NOx) are similar to patterns seen for total
nitrogen. There were no significant differences in the concentration of inflow among the three
years from 2017 to 2019, while NOx concentrations in the outflow decreased in each subsequent
year (Table 2.1). NOx in inflows and outflows increased from May to June and then reduced
until August (Figure 2.4d). It was consistent with the monthly trends of TN concentrations.
Flooding increased the overall NOx concentrations in the outflows, especially after the first
floods of 2017 and 2018 (Figure 2.4d). Overall, NOx outflow (0.76 ± 0.04 ppm) was
significantly lower than inflow (2.48 ± 0.12 ppm) (Mann-Whitney U test, p<0.0001), with a
mean removal efficiency of 70±1%. Annual removal efficiency increased from 2017 to 2019
(Figure 2.5d).
2.4.2.5 Total Kjeldahl Nitrogen
Throughout the 3-year study, total Kjeldahl nitrogen (TKN) inflow remained
significantly lower than TKN in the outflow (Mann-Whitney U test, p=0.01), the TKN outflow is
lower than TKN inflow in 2018 (p=0.161) (Table 2.1). The highest monthly outflow of TKN
(1.67± 0.08 ppm) occurred after summer flooding events in August 2017 (Figure 2.4e). There
was a significant difference in TKN removal efficiency between the three years (Figure 2.5e).
The fluctuations in overall removal efficiencies of TKN were high, ranging from +93% to 453%. The negative removal efficiencies in 2017 and 2019 may have resulted from flood events.
2.4.3. Effects of hydrologic conditions on nutrient retention
2.4.3.1 Removal efficiency
Over the three years, removal efficiencies of TP and NOx were significant difference
between the SW and NSW treatments (Kruskal-Wallis Test of TP and NOx, both p <0.001), but
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no significant difference occurred between H and L hydrologic treatments (Kruskal-Wallis Test
of TP and NOx, p =0.064 and 0.940, respectively). However, in contrast to NOx retention, TP
retention was higher in saturated soil conditions than in standing water conditions. There was no
significant difference among the removal efficiencies of SRP and TN between the four
hydrologic treatments (Kruskal-Wallis Test of SRP and NOx, p=0.233 and 0.154, respectively).
The annual removal efficiencies of nutrient species in each hydrologic treatment are
shown in Figure 2.6. The low retention of TP in 2017, as well as SRP in 2018 and during
standing water in low-flow conditions (HLRL_SW), could have resulted from flood events. The
first-year flooding had a significant, negative impact on the TP removal efficiency in HLRL_SW
when comparing pre-flooding and post-flooding results (t-test, F=5.384, p=0.039). SRP removal
efficiency in HLRL_SW in May 2018, -258±102% was significantly lower than the removal
efficiency in June, 82±3% (t-test, F=21.772, p=0.001). In 2019, removal efficiencies of SRP and
TN in all hydrologic treatments began to show no significant difference (Figure 2.6 b, c), while
removal efficiencies of TP and NOx kept the significant difference between SW and NSW
(Figure 2.6a,d). In all three years, removal efficiencies of TKN in no standing water (saturated
soils) (NSW) were always higher than in standing water (SW) conditions (Figure 2.6e).

2.4.3.2 Mass retention
Total phosphorus loading for high HLR treatments averaged with 1.60 g P m-2 yr-1, 1.5 g
P m-2 yr-1, 2.6 g P m-2 yr-1 in 2017, 2018, and 2019, respectively, while TN loading was 15.5 g N
m-2 yr-1, 21.2 g N m-2 yr-1, 23.0 g N m-2 yr-1, respectively.
The annual mass retentions of total phosphorus show the same order of magnitude over
all three years, ranking (from high to low) HLRH_NSW, HLRH_SW, HLRL_NSW, and
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HLRL_SW (Figure 2.7a). For the overall mass retention of TN, the treatments rank HLRH_SW,
HLRH_NSW, HLRL_SW, and HLRL_NSW. However, TN mass retention did not show any
significant annual difference in low-water treatments (ANOVA, post hoc tests, p>0.05). At the
same time, there was a significant increase from the first year to the third year in the high-water
treatments (ANOVA, post hoc tests, p<0.0001) (Figure 2.7c).
SRP mass retention showed a significant increase of 98%, 134%, 101%, and 79% in
HLRH_NSW, HLRH_SW, HLRL_NSW, and HLRL_SW in 2019 from 2017 (Figure 2.7b). This
could be due to the much higher loading rate in 2019 (2.06 g P m-2 yr-1) than in 2017 (1.04 g P m2

yr-1) since there was no significant difference in annual removal efficiency (Figure 2.5b). NOx

clearly differs in response to the hydrological treatments: SW was greater than NSW in all three
years (Figure 2.7d). TKN showed higher retention in NSW, while HSW was gradually increasing
from 2017 to 2019 (Figure 2.7e).

2.4.4 Temporal changes in soil properties
In October 2019, soil samples were collected three years after pre-experiment soil
samples were collected in October 2016 (after the mesocosms were constructed, but before the
water was added). Bulk density in 2019 was 0.25±0.01 g cm-3, 31% higher than the bulk density
measured in 2016 of 0.19 g cm-3. There were no significant differences in soil phosphorus
concentrations between 2016 and 2019 (Figure 2.8a). Concentrations of soil carbon and
nitrogen were significantly higher in 2019 than in 2016 (Figure 2.8 b,c), increasing by 39% and
19% respectively through the three years of mesocosm experimentation.
Estimated phosphorus and nitrogen soil accumulation increased from 5 to 9 % and from
14 to 26%, respectively, during the study period (Table 2.2). The max nitrogen accumulation
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occurred in HLRH_SW; the same was true with carbon accumulation, which increased 54% in
HLRH_SW conditions. The highest soil phosphorus accumulation was in HLRH_NSW
hydrologic conditions (Table 2.2). The greatest difference between the mass retention in soil and
water for phosphorus and nitrogen were both in the low hydraulic loading and no standing water
conditions (HLRL_NSW). The higher nutrient accumulation rates in soil compared to the mass
retention in the water suggests a positive contribution of nutrient sedimentation from flooding
events.

2.4.5 Temporal trends of macrophyte cover and species richness
Aside from the planted bulrush Sheonoplectus tabernaemontani, six and sixteen new
species were identified in the mesocosms in 2018 and 2019, respectively (Table 2.3). Species
richness and major wetland plants were impacted by water levels. Species richness in standing
water (SW) mesocosms increased from 1±0.3 to 3±0.5 species from 2018 to 2019, while species
richness in the other mesocosms increased from 2±0.3 to 6±0.6 species. The coverage of the
planted bulrush decreased in each year (Table 2.3). In 2019, the high loading rate standing water
(HLRH_SW) mesocosms kept the highest coverage of Sheonoplectus tabernaemontani, over 1.5
times the bulrush coverage observed in mesocosms with low loading rates and no standing water
(HLRL_NSW). In contrast, Echinochloa crus-galli, a non-wetland plant (FACU), developed well
in the mesocosms with no standing water (NSW), with almost double the coverage seen in
standing water (SW). Typha spp. appeared only in no standing water mesocosms in 2018 and
then spread into other mesocosms (HLRH_SW and HLRL_NSW) in 2019.
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2.5 Discussion
2.5.1 Influence of flooding on nutrient retention
Due to the depressional location of the mesocosm compound and extreme rainfall events
during each of the three years, the Buckeye Lake wetlaculture mesocosm site was flooded for
several times with various flood durations from 2017 to 2019. The influence of the first flood in
July 2017 on the water quality function of the wetlands was dramatic due to its long duration
(over 30 days) and high-water levels. Our results show that the flooding had positive impacts on
the removal efficiency of NOx and a negative effect on the removal efficiency of TP and TKN.
Flooding with deep water over a long period could cause a change in pH, redox conductivity,
organic matter deposition, and sedimentation, all of which could contribute to phosphorus release
and nitrogen reduction through denitrification (Aldous et al., 2005; Dunne et al., 2010; SanchezRamos et al., 2019). In the following two years, the wetlands were better developed and had
more resilience to flooding impacts, especially to the flooding events, which had shorter duration
and lower water depths.

2.5.2 Influence of hydrologic conditions on wetland biogeochemistry
In the Buckeye Lake wetlaculture mesocosm wetlands, the estimated hydraulic retention
time (HRT) of the four hydrologic conditions (HLRL_SW, HLRH_SW, HLRL_NSW, and
HLRH_NSW) was 10 days, 3.4, days 3.2 days, and 1 day, respectively. Higher HRT, where water
stays in the wetland for an extended period, potentially provides more chances for nutrients to be
retained biologically (Land et al., 2016). However, TP removal efficiency in this study decreased
as HRT increased, while there was no significant difference in SRP removal efficiency among
various hydraulic retention times. It suggests that the required contact time for phosphorus
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removal could be less than one day. Regarding total nitrogen removal efficiency did not increase
with longer HRT.
The water level has the potential to impact phosphorus and nitrogen biogeochemical
cycling. Our study shows that no standing water resulted in higher removal efficiency of TP and
TKN than with standing water. These results were consistent with the findings of Song et al.
(2019) in a wetland hydrology experiment. Sediment releases of phosphorus in wetlands with
long-term standing water are common (Aldous et al., 2005). Denitrification is biological progress
that requires organic matter and anaerobic conditions typical in saturated soils (Batson et al.,
2012).

2.5.3 Treatment wetland vegetation
Wetland plant communities were significantly controlled by hydrological conditions and
self-design -a strategy of recovering vegetation community diversity in a system with
accumulated seed bank (Mitsch et al., 2012). Our findings indicate that wetlands with 10 cm of
standing water developed lower species richness but were more dominated by wetland (OBL and
FACW) plants. Many studies also show that water level contributes to a variance of gross
primary productivity and nutrient concentrations in plant tissues (Nichols, 1983; Tanner, 2001;
Gathman et al., 2005; Ballantine and Schneider, 2009; Bornette and Puijalon, 2011).

2.5.4 Nutrient mass balance of soil and water in wetlands
Over the three study years, the nutrient mass balance was estimated in two different
wetland compartments, soil, and water. Our estimation of water mass retention rate was
consistent with the results from the created Ohio wetlands investigated for 20 years at the
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Olentangy River Wetland Research Park (Mitsch et al., 2012, 2014). However, the nutrient
annual accumulation rate in the soils was lower in our mesocosm studies than the full-scale
wetlands at the Olentangy River Wetland Research Park. Mitsch (2014) reported annual
accumulation rates of phosphorus and nitrogen in the soil are ranged from 3.3 to 3.5 g-P m-2 yr-1
and 16.4 to 19.5 g-N m-2 yr-1, respectively, while in our study, the annual rates ranged from 0.66
to 1.40 g-P m-2 yr-1 and 7.85 to 15.08 g-N m-2 yr-1, respectively. Our experimental wetland
mesocosms were functioning only in the non-freezing seasons and have only been in operation
for three years. Thus a higher annual soil nutrient accumulation could be expected in future
years, considering the continued accumulation and decomposition of plant litter.

2.5.5 Implication of following wetlaculture research in an agricultural watershed
This study represents an initial step of wetlaculture research, which is to create or restore
a treatment wetland and estimate the nutrient mass retention through the system in the first three
years. Future wetlaculture research should consider that: 1) flooding events would temporarily
impact nutrient removal efficiency; 2) evaluation of sedimentation during flooding is needed
since sediment from flooding may contribute significantly to the soil nutrient accumulation in the
long-term; 3) denitrification in different water depths (SW and NSW) could be estimated to
understand the impacts of controlled hydrologic conditions better; 4) aboveground and
belowground biomass need to be estimated annually since quickly established root systems
might contribute significantly to nutrient storage in wetlaculture system in the first three years,
and 5) topsoil development should also be studied with plant deposition and sedimentation as
formative processes.
Our study confirmed that wetlands could play a critical role in nutrient removal from
non-point nutrient sources in a watershed dominated by agriculture. Qualifying and quantifying
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the potential contribution of wetlands from spatially and temporally heterogeneous perspectives
is important for watershed management, especially with targeted nutrient reduction goals and
protecting downstream waters. Midwestern USA riparian wetland systems can retain
phosphorus at about 2.40 ± 0.23 g-P m-2 yr-1 and nitrogen at 38.8 ± 2.2 g-N m-2 yr-1 sustainably
basing on a 30-year of wetland study (Mitsch et al.
2014). Future work is also needed to investigate wetlaculture at a pilot-scale in various
agricultural watersheds.

2.6 Conclusions
Our study confirmed that wetlands can be applied as an efficient treatment system for the
removal of phosphorus and nitrogen from non-point sources and that they can be the first stage
of a wetlaculture landscape that alternates between wetlands and cropland. Water level and
hydraulic loading rates play different roles in nutrient dynamics. The removal efficiency of total
phosphorus and nitrate-nitrogen are affected in opposite directions related to the presence of
standing water. Macrophyte species richness and dominance by wetland plants are highly
impacted by water levels. Standing water with a long duration could lead to P release from the
soil but higher N removal. Over the three study years, annual soil accumulation of nutrients
ranged from 0.66 to 1.40 g-P m-2 yr-1 for phosphorus and 7.85 to 15.08 g-N m-2 yr-1 for nitrogen
during these non-freezing months. This study provides valuable information for scaling up to
pilot-scale demonstrations for restoring significant areas of wetlands from farmlands in the
former Great Swamp to reduce nutrient loading from agricultural watersheds to lakes and
streams in the Ohio River Basin.
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Table 2.1 Average ± standard error (number of samples) concentration of nitrogen and
phosphorus species at the mesocosm inflow and outflow and mean removal percentage in 2017,
2018, and 2019.
Nutrient species
Inflow (ppb)
TP
Outflow (ppb)
Inflow (ppb)
SRP
Outflow (ppb)
Inflow (ppm)
TN
Outflow (ppm)
Inflow (ppm)
NOx-N
Outflow (ppm)
Inflow (ppm)
TKN
Outflow (ppm)

2017
391±44(12)
208±17(137)
218±2(27)
67±4(252)
3.234±0.213(24)
1.948±0.082(195)
2.687±0.243(24)
1.107±0.086(216)
1.2±0.17(14)
0.943±0.04(125)

2018
256±21(15)
116±9(117)
114±17(18)
47±3(153)
3.644±0.344(14)
1.592±0.097(123)
2.281±0.198(18)
0.608±0.068(151)
0.91±0.061(26)
1.112±0.026(234)

2019
380±33(27)
211±12(226)
298±36(24)
90±6(219)
3.347±0.218(21)
1.652±0.047(207)
2.43±0.167(24)
0.51±0.044(219)
1.2±0.17(14)
0.943±0.04(125)

Table 2.2 Average ± standard error (number of samples) nutrient accumulation in soil and mass
retention from the water of total nitrogen (TN) and total phosphorus (TP) in four hydrologic
treatments (High, 30cm week-1; Low, 10cm week-1; Standing water, wetlands with a depth of
10 cm surface water layer; No standing water, wetlands with no standing water but saturated wet
soil) over the three hydro-years (2017-2019).
TP
TN
HLR Water level
Soil
Water
Soil
Water
g P m-2
g P m-2
g N m-2
g N m-2
No
High
standing
4.19±0.78(2)
2.88±0.22(7)
23.54±0(2)
27.02±2.61(7)
water
Standing
High
1.98±1.39(2)
2.13±0.36(7)
45.24±13.5(2)
30.12±1.4(7)
water
No
Low
standing
3.12±2.12(2)
1.28±0.09(7)
32.22±11.05(2)
9.85±1.8(7)
water
Standing
Low
2.27±1.22(2)
0.58±0.22(7)
30.05±6.44(2)
10.61±0.8(7)
water
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Table 2.3 List of species indicators (OBL= obligate wetland species; FACW= facultative
wetland species; FACU= facultative upland species; UPL= obligate upland species and NL= not
in the list) identified in four hydrologic treatments (H, 30cm week-1; L, 10 cm/ week; SW,
wetlands with a depth of 10 cm surface water layer; NSW, wetlands with no standing water but
saturated wet soil) and survey of vegetation coverage (average ± standard error (number of
samples) % ) in 2018 and 2019 at Buckeye Lake mesocosm site.
Scientific name
Schoenoplectus tabernaemontani

Typha spp

Alisma plantago-aquatica

Eleocharis rostellata

Eclipta Alba
Penthorum
sedoide L.
Lemna minor
Carex triangularis
Carex frankii
Carex tribuloides
Cyperus strigosus
Polygonum pensylvanicum
Phyla nodiflora
Acer rubrum
Salix spp.
Echinochloa crusgalli
Setaria parviflora

HLR

Water level

Indicator

H
H
L
L
H
L
L
H
H
L
L
H
H
L
L
H
H
L
L
H
H
L
L
H
L
H
L
H
H
L
H
L
L
H
H
L
L
H
H
L
H
H
H
L
L
L

SW
NSW
SW
NSW
SW
SW
NSW
SW
NSW
SW
NSW
SW
NSW
SW
NSW
SW
NSW
SW
NSW
SW
NSW
SW
NSW
NSW
SW
NSW
SW
NSW
NSW
NSW
NSW
SW
NSW
SW
NSW
SW
NSW
SW
SW
NSW
NSW
SW
NSW
SW
NSW
NSW

OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
OBL
FACW
FACW
FACW
OBL
OBL
OBL
OBL
FACW
FACW
FACW
OBL
FACU
FACU
FACU
FACU
NL
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Coverage (%)
2018
76±16(7)
77±9(7)
86±6(7)
60±11(7)
17±12(3)
50±0(1)
5±0(1)
50±0(1)
5±0(1)

5±0(1)
5±0(1)
5±0(1)
8±3(2)

5±0(2)
5±0(2)
13±8(3)

2019
62±7(7)
42±8(7)
40±10(7)
24±7(7)
18±3(2)
20±7(5)
12±4(3)
4±1(3)
4±1(2)
7±2(5)
4±1(2)
5±0(1)
2±0(1)
2±0(1)
5±0(1)
1±0(1)
6±2(4)
8±1(4)
10±3(6)
5±0(1)
5±1(6)
2±0(4)
9±3(6)
5±0(1)
1±0(1)
5±0(2)
10±0(1)
5±0(1)
5±0(1)
40±0(1)
5±0(3)
3±1(2)
15±7(4)
5±0(1)
2±0(5)
3±0(4)
4±2(3)
2±0(1)
10±0(1)
3±1(2)
3±0(3)
10±5(3)
27±10(7)
18±15(5)
29±8(7)
5±0(1)

Figure 2.1 Location of experimental wetland mesocosms (Latitude 39°55'51.54"N, Longitude
82°30'5.34"W) north of Buckeye Lake and south of the South Fork of the Licking River in
central Ohio, USA. The Licking River is in the Ohio River watershed, and its watershed is
dominated by agriculture.
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Figure 2.2 Illustration of the four hydrologic treatments with two hydrologic loading rates (HLRs): (high HLRH, 30 cm week-1; low
HLRL, 10 cm week-1) and two water levels (standing water (SW): wetlands with a depth of 10 cm surface water layer; and no
standing water (NSW): wetlands with no standing water but saturated wet soil).
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Figure 2.3 Temporal pattern from 2017 to 2019 of a) water level above sea level of South Fork
Licking River at U.S. Geological Survey station (Latitude 39°56'39"N, Longitude 82°29'29"W );
b) Precipitation at US National Oceanic & Atmospheric Administration station (Latitude
39°57'8"N; Longitude 82°28'55"W); c) flooding above the ground surface at the experimental
mesocosm site; d) groundwater depth below land surface at U.S. Geological Survey station
(Latitude 39°49'32.72"N, Longitude 81°44'16.94"W ); e) Buckeye Lake water level above sea
level at U.S. Geological Survey station (Latitude 39°54'17"N, Longitude 82°31'42"W ).
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Figure 2.4 Temporal pattern of a) total phosphorus (TP), b) soluble reactive phosphorus (SRP),
c) total nitrogen (TN), d) nitrite + nitrate-nitrogen (NOx-N), and e) total Kjeldahl nitrogen
(TKN) concentrations in mesocosm inflows and outflows. Vertical bars illustrate periods of local
flooding of the mesocosm site due caused by rainfall events and subsequent high groundwater.
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Figure 2.5 Mean ± standard error removal efficiency (%) of a) total phosphorus (TP); b) soluble
reactive phosphorus (SRP), c) total nitrogen (TN), d) nitrite + nitrate-nitrogen (NOx-N), and e)
total Kjeldahl nitrogen (TKN) for 2017, 2018 and 2019 sampling. Bars represent standard
error. Different letters indicate significant differences between the means at α=0.05 (P <0.05).
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Figure 2.6 Mean ± standard error nutrient removal efficiency (%) of mesocosms in 2017, 2018,
and 2019 for a) total phosphorus (TP), b) soluble reactive phosphorus (SRP), c) total nitrogen
(TN), d) nitrite + nitrate nitrogen (NOx-N), and e) total Kjeldahl nitrogen (TKN) for four
hydrologic treatments. NSW = no standing water with saturated soil; SW = standing water; HLRh
= 30cm week -1; HLRl = 10cm week -1. Bars represent standard error. Different letters indicate
significant differences between the means of four hydrologic treatments in each year at α=0.05
(P <0.05).
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Figure 2.7 Nutrient Retention (Mean ± standard error) of mesocosms in 2017, 2018, and 2019
for a) total phosphorus (TP), b) soluble reactive phosphorus (SRP), c) total nitrogen (TN), d)
nitrite + nitrate-nitrogen (NOx-N), and e) total Kjeldahl nitrogen (TKN) for four hydrologic
treatments. NSW = no standing water with saturated soil; SW = standing water; HLRh = 30cm
week -1; HLRl = 10cm week -1. Bars represent standard error. Different letters indicate significant
differences between the means of four hydrologic treatments in each year at α=0.05 (P <0.05).
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Figure 2.8 Concentration of a) total phosphorus (P, μg/kg); b) total nitrogen (N, %); and c) total
carbon (C, %) in mesocosm soils sampled in fall 2016 (before the experiment began) and fall
2019 (after three years of sampling). Bars represent standard error. Different letters indicate a
significant difference at α=0.05 level between years.
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CHAPTER THREE: ESTIMATING THE IMPORTANCE OF HYDROLOGIC
CONDITIONS ON NUTRIENT RETENTION AND PLANT RICHNESS IN A
WETLACULTURE MESOCOSM EXPERIMENT IN A FORMER LAKE ERIE BASIN
SWAMP

3.1 Abstract
Wetlands have long been considered as an effective way to remove nutrients from
stormwater before the runoff enters rivers or lakes. A new term, “wetlaculture,” and its practice
were recently described. It has a goal of reducing the need for fertilizer applications while
preventing fluxes of nutrients to downstream aquatic ecosystems. A wetlaculture mesocosm
experiment was set up on agricultural land in Defiance, Ohio, on the northwestern edge of the
former 4,000 km2 ‘Great Black Swamp’ that was almost completely drained in the 19th century.
The mesocosm compound consisting of twenty-eight 380 L, 1-m2 Rubbermaid tubs filled with
local hydric soil. In October 2017, the sedge Schoenoplectus tabernaemontani was planted in
each mesocosm tub. The mesocosms were randomly assigned to four hydrologic treatments
involving two water depths (no standing water and ~10-cm of standing water) and two hydraulic
loading rates (10 and 30 cm week-1). Nearby ditch water containing agricultural runoff was
pumped weekly into an elevated water feed tank system, to provide weekly hydraulic loading
rates to the mesocosms. Inflow and outflow water samples from each wetland mesocosm were
collected and analyzed for soluble reactive phosphorus, total phosphorus (TP), nitrate+nitrite
(NOx-N), and total Kjeldahl nitrogen (TKN), every other week during hydroperiods. Total
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nitrogen (TN) was estimated as the sum of TKN and NOx-N. After two growing seasons in
August 2019, 12 species, including the introduced S. tabernaemontani, were identified in the
wetland mesocosms. The wetland mesocosms soon became nutrient sinks, with average removal
efficiencies of TP and TN at 60% and 28% respectively in 2018 and 83% and 54% respectively
in 2019. The combination of a high HLR (30 cm week -1) and 10 cm of standing water achieved
the best phosphorus and nitrogen removal efficiencies, which averaged 76% and 60%,
respectively. During the two-year period, net mass retention of phosphorus from the water was
estimated to have averaged 1.0 g P m-2 in the wetland mesocosms with higher hydraulic loading
rate, while the highest estimated net nitrogen mass retention (average 22 g N m-2) was shown in
the wetland mesocosms with 10-cm of standing water and higher hydraulic loading rate.
Macrophyte plant community richness was more influenced by water depth than by hydraulic
loading rate. Our finding suggests that hydrologic conditions, especially water level, contribute
directly and indirectly to nutrient retention, partially through the quick response of the wetland
vegetation community. This study will provide valuable information for scaling up to restore
significant areas of wetlands from farmlands in the former Great Black Swamp, strategically
focused on reducing the nutrient loading to western Lake Erie from the Maumee River Basin.

3.2

Introduction
Over the last few decades, a significant expansion of agricultural land use has been

widely recognized for leading to global and regional negative environmental impacts, especially
reduced soil fertility and increased eutrophication of surface water systems (Bellmore et al.,
2018; Hamilton et al., 2018; Harrison et al., 2019). Phosphorus and nitrogen are the two main
elements in fertilizer and are the two key limiting factors of harmful algal blooms (Sharpley and
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Wang, 2014).
A new wetland-agriculture integration system model referred to as “wetlaculture” (wetland
+ agriculture), is aimed to reduce the need for fertilizer applications significantly and reduce
nutrient discharges to downstream aquatic ecosystems in an agriculture-wetlands landscape
(Mitsch, 2017a,b; 2018; Balster, 2018). Before practicing wetlaculture at a large landscape scale
and long-timescale, it is important to first conduct comprehensive wetland process studies,
choose suitable wetland locations, provide appropriate wetland designs, and target appropriate
nutrient retention goals. Our study investigates the first two years of a wetlaculture hydrologic
experiment near Lake Erie in northwestern Ohio and has direct applicability toward decreasing
the nutrient loading to the eutrophic western basin of Lake Erie. This paper is focused on the
results in the first stage of wetlaculture, which is a new sustainable system model.
Wetlands have long been considered as an effective way to remove nutrients from
stormwater/runoff to protect downstream rivers, lakes, and groundwater (Odum et al., 1974;
Kadlec and Kadlec, 1979; Nichols, 1983; Mitsch and Gosselink, 2015; Land et al., 2016;
Horvath et al., 2017). The retention rates of phosphorus and nitrogen for 30 wetland-years of
data in created wetlands at the Olentangy River Wetland Research Park in Columbus, OH
receiving moderately polluted river water were 2.40 ± 0.23 g-P m−2 yr−1 and 38.8 ± 2.2 gN m−2 yr−1 for total nitrogen (Mitsch et al., 2014). Considering the positive or negative impacts
of the hydrological conditions on the biogeochemical progress in various regions (Devito and
Dillon, 1993; Marton et al., 2015), few quantitative studies of treatment wetlands have been
developed on agricultural land that was initially a forest swamp. By comparing different water
levels, hydraulic loading rates, investigating plant community establishment, and soil
development in an agricultural runoff treatment wetland system, this research will provide a
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valuable understanding of stormwater treatment wetland mechanisms and dynamics. Moreover,
dynamics based on wetland mesocosm investigations can be viewed as “physical models” that
allow us to predict the behavior of landscape-scale wetlands (Ahn and Mitsch, 2002; Mitsch et
al., 2015; Marois and Mitsch, 2016; Messer et al., 2017).
In this study, the capacity of wetland mesocosms to retain phosphorus and nitrogen over
a two-year period of agricultural stormwater inflows from drainage ditches in Defiance, Ohio, is
investigated. The goals were to 1. determine the time series distribution of phosphorus and
nitrogen fluxes through the wetlaculture mesocosm system in the first two years of what is
planned to be a 10-year study; 2. compare the effects of two distinct hydrologic loading rates and
water levels on nutrient removal capacity of these wetland mesocosms; 3. investigate the
response of plant richness and community establishment to the two different hydrologic loading
rates and water levels after two growing seasons.

3.3

Methods

3.3.1 Site description
The Defiance mesocosm site is in the northwestern edge of the former 4,000 km2 ‘Great
Black Swamp’ that once was the western extreme of Lake Erie (Figure 3.1). The Great Black
Swamp was drained entirely in the period from 1850 to 1890 and is mainly developed now as
agricultural land (Mitsch, 2017b). As one of the primary sources of sediments and almost 85% of
the phosphorus loads for Lake Erie, the Maumee River drains 17,000 km2 of Ohio, Michigan,
and Indiana (Scavia et al., 2016). Considering the goal of 40% reduction in total phosphorus
loading into Lake Erie under the US-Canada Great Lakes Water Quality Agreements of 1978 and
2016, controlling the nutrient loading to Lake Erie has focused on the Maumee River as the

54

priority for nutrient runoff control (Femeena et al., 2018; Kieta et al., 2018).

3.3.2 Wetland mesocosm experiments
Our mesocosm compound consists of twenty-eight 380 L Rubbermaid® tubs, sized 79 cm
x 135 cm x 64 cm deep was constructed in Ohio. In each mesocosm, 5-10 cm of gravel was
placed in the bottom to discourage clogging. Water levels were controlled by adjusting the length
of vertical standpipes attached to the bottom of each tub. Local soil from the experimental site
was used to fill the tubs. All mesocosm tubs were planted with Schoenoplectus tabernaemontani
(bulrush), a native wetland sedge, on October 16, 2017. Water containing agricultural runoff was
pumped weekly into the elevated water feed tank systems from a drainage ditch that flowed into
the Maumee River in Defiance and was then fed to the mesocosms by gravity during the
hydroperiod.

3.3.2.1 Hydrologic experiment
The effect of hydraulic loading rate (HLR: 10 and 30 cm week -1) and water level (0 cm
and 10 cm water depth above the soil surface) was determined over a two-year hydroperiod.
Half (14) of the mesocosms were fed weekly with a higher hydraulic loading rate (HLRH)
of 30 cm week-1, and the other 14 were fed with a lower hydraulic loading rate (HLRL) of 10 cm
week-1. First, the nearby ditch water was pumped weekly into a 5600-liter water storage tank.
Each mesocosm had a timer-controlled valve that connected with the water tank. Then, by using
the NexSens X2 and X2-CB Buoy Data Logger (NexSens Techology, Inc. Fairborn, OH), water
was added into each mesocosm slowly through one week to the exact 30 or 10 cm/week
hydraulic loading rate for each mesocosm.
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Two different water levels were maintained for each: with standing water (SW) and
without standing water (NSW) but with saturated soil that results in a 2 x 2 x 7 experiment with
four different hydrologic control treatments: HLRH _SW, HLRH _NSW, HLRL _SW, and HLRL
_NSW. The water level of each mesocosm was maintained by the length of the vertical standpipe
and checked weekly by controlling the time period and frequency of opening valves.
In the summer seasons, after flow in the ditches diminished, all the wetland mesocosms
were filled with irrigation water to keep the plants alive during the dry season by maintaining a
depth of 10 cm surface water. In the frozen winter season (temperature was lower than 0 ℃), the
vertical standing pipe of each wetland mesocosm was pulled out to drain the water from the
system to protect the plants and pipes from the freeze damage. The period of ditch water
application to the mesocosms was determined by the ditch water level. The monthly ditch water
level was recorded according to the staff gauge. Data on monthly precipitation and temperature
at the Defiance, Ohio weather station were downloaded from the NOAA database (GHCND:
USC00332098, 2019). Monthly potential evapotranspiration rates were estimated by the
Thornthwaite equation (Mitsch and Gosselink, 2015).

3.3.2.2 Sampling and analysis of water
Inflow and outflow samples were collected in acid-washed bottles every two other weeks
during sampling hydroperiods. Since each mesocosm was fed by the same water source, which
was weekly restored in one water tank, four inflow samples were collected from randomly
selected mesocosm valves, while outflow water samples were collected from each of the 28
mesocosms’ vertical standpipes. All water samples were preserved in a cooler with ice packs to
keep the temperature < 4 ℃ and shipped to the Everglades Wetland Research Park lab in Naples,

56

Florida. Samples filtered through 0.45 µm membrane filters were sent with overnight shipping so
that they could be tested for soluble reactive phosphorus (SRP) and nitrate+nitrite (NOx-N)
within 48 hours. Samples with pH adjusted to between 2 and 1 were sent to the same lab by
ground shipping and analyzed for total Kjeldahl nitrogen (TKN), and total phosphorus (TP). All
chemical analytical methods for NOx-N, SRP, TP, and TKN followed standard methods
(USEPA 354.1, 1993a; USEPA 365.3, 1993b; USEPA 365.1, 1993b; USEPA 351.2, 1993c) by
using Smartchem 200 (Westco, Scientific Insturments, Inc.). Total nitrogen (TN) is estimated as
the sum of TKN and NOx-N.

3.3.2.3 Vegetation survey
A vegetation survey of the wetland mesocosms was conducted on August 12th, 2019. All
plants inside the mesocosms were identified to species level. Wetland indicator status for
identified species was determined according to the National list (Reed, 1988) for Region 1
(Northeast). Species not found in this National list were noted as NL.

3.3.3 Calculation and statistics
3.3.3.1 Water quality removal rates and fluxes
1.) Removal efficiency formula:
(𝐶𝐶𝑖𝑖𝑖𝑖 −𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 )×100

RE =

𝐶𝐶𝑖𝑖𝑖𝑖

( Eqn 1)

where RE is removal efficiency, %; Cin means the average nutrient concentration of inflow from
the water storage tank, mg L-1; Cout means the nutrient concentration of outflow from each
mesocosm, mg L-1. The average annual removal efficiency of each mesocosm is determined
through dividing the sum of the all year RE by the total number of samples.
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2.) Nutrient flux formula:
LR = Cin * HLR * N/100;

(Eqn 2)

ER= Cout * HLR * N/100;

(Eqn 3)

RR= LR – ER ;

(Eqn 4)

where, Cin and Cout =nutrient concentrations of the inflow and outflow, mg L-1=g m-3; HLR=
hydraulic loading rate (10 cm week-1 or 30 cm week-1); N= the total weeks of the hydroperiod in
2018 or 2019; LR = nutrient loading rate of the inflow, g m-2 year-1; ER = nutrient export rate of
the outflow, g m-2 year-1; RR = nutrient retention rate of the wetland system, g m-2 year-1.

3.3.3.2 Statistic analyses
Statistical analysis of water quality data was performed using ANOVA and MANOVA as
the two multiple comparison methods. All tests were conducted at a 95% confidence interval (p
= 0.05). The Student t-test was used to test for a significant difference between 2018 and 2019
inflow and outflow water quality. The Newman-Keuls test was applied to determine the
statistical significance of differences among water quality comparison of different hydrological
treatment groups. JMP 14.0 (SAS Institute, Cary, NC) was the software used for running
statistical analysis.

3.4 Results
3.4.1 Hydrologic regime and budgets
From March 2018 through October 2019, the nearby ditch water was pumped into a
storage tank and flowed into the 28 wetland mesocosms weekly, for a total of 13 weeks in 2018
and 18 weeks in 2019 (Figure 3.2). The running time was based on the water level of the
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drainage ditch, which was profoundly impacted by local precipitation and evapotranspiration.
When rainfall was less than 5 cm per month, and the potential evapotranspiration rate was higher
than 10 cm per month, the ditch did have not enough water to feed the wetland mesocosms
(Figure 3.2).
Precipitation during the period of sampling was approximately 27 and 54 cm, and potential
evapotranspiration totals were approximately 47 and 28 cm in 2018 and 2019 sampling periods,
respectively. 403 and 536 cm of ditch water were added into each of the high loading flow
wetlands, and 134 and 179 cm were added into each of the low loading flow wetlands in 2018
and 2019, respectively. Double the amount of stormwater flowed through the wetlaculture
system in 2019 compared to 2018, while the amount of water lost to evapotranspiration in 2019
was half the amount lost in 2018.

3.4.2 Temporal patterns of nutrients in the wetland mesocosms
3.4.2.1 Annual nutrient concentrations
Over the two-year study, the inflow total phosphorus concentrations varied from 23 to
361 ppb (mean of 154±10 (n=52) ppb) while the inflow total nitrogen varied from 2.26 to 7.41
ppm (mean of 5.28±0.18 (n=64) ppm). There was no annual statistical difference in inflow
concentrations of TP and SRP (p=0.3516 and 0.145, respectively) between the two years, while
the inflow concentration of TN and NOx-N showed a significantly lower means in 2019
compared to 2018 with decreases of 25% and 44%, respectively (p<0.0001). The inflow
concentration of TKN increased 52% from 2018 to 2019 (p=0.0102) (Table 3.1).
Through the two-year study, the outflow TP concentrations ranged between 2 and 177
ppb (mean of 40±2 (n=344) ppb), and the outflow TN concentrations ranged between 0.16 and
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10.87 ppm (mean of 3.19 ±0.11 (n=425) ppm), respectively. The outflow concentrations of all
phosphorus and nitrogen species in 2019 were significantly different compared to those of 2018
(p<0.05) (Table 3.1). A 71% reduction in outflow NOx-N concentrations from 2018 to 2019 is
the highest difference; TN, TP, and SRP reduced by 51%, 51%, and 36%, respectively.
However, TKN concentrations in the outflow were significantly higher in 2019 than in 2018.

3.4.2.2 Monthly and annual nutrient removal efficiency
Overall, all the wetland mesocosms were net sinks of nutrients in both years. In 2018 and
2019, general nutrient concentrations were significantly lower in the outflow than in the inflow
(Table 3.1). Moreover, the yearly mean removal efficiencies of nitrogen species in 2019 were
approximately double those of 2018, while the yearly mean removal efficiency of TP and SRP
increased by 38% and 59%, respectively.
Monthly removal efficiencies of nitrogen and phosphorus during the years 2018-2019 is
shown in Figure 3.3. In 2018, the wetland mesocosm showed positive mean removal efficiencies
of TP and SRP since April (40% for TP and 32% for SRP) and reached a peak in November
(73% for TP and 78% for SRP). The removal efficiencies of TP and SRP in the second year were
80±1 (n=205) % and 70±2 (n=230) %.
While the removal efficiencies of TN and NOx-N showed an increasing month-to-month
trend in 2018, the removal efficiency of TKN was not stable (Figure 3.3). From March to July
2019, the removal percentages of TN and NOx-N showed a strong seasonal trend (Figure 3.3).
The results are consistent with the findings of Kadlec and Reddy (2001), who found that nitrogen
retention rates showed a significant seasonal, annual trend with an ideal water temperature range
from 20 to 35 ℃ (Kadlec and Reddy, 2001). It is also consistent with results from the created
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wetlands at the Olentangy River Wetland Research Park in central Ohio, where nitrate-nitrogen
concentrations were lowest, and denitrification rates were highest in warmer months (Song et al.,
2012, 2014).

3.4.3 Effects of hydrologic conditions on nutrient retention
3.4.3.1 Removal efficiency
Over the two years of measurements, all wetland mesocosms with different hydrologic
conditions showed positive removal efficiencies of TP and TN (Table 3.2). The results revealed
that the removal efficiencies of TN in wetlands with standing water were significantly higher
than wetlands with no standing water (saturated soil) (p<0.05) (Table 3.2). Moreover, the
hydrologic treatment of HLRL_SW showed significantly greater removal efficiency of TN
compared with HLRH_SW (p<0.05). The highest removal efficiency of TP also occurred in the
wetlands of HLRL_SW (p<0.05). However, there was no significant difference in TP and TN
removal efficiency between wetlands of HLRL_NSW and HLRH_NSW.
All the hydrological treatments showed significant improvement in nutrient removal
(p<0.05) from 2018 to 2019 except for the removal efficiencies of TN and NOx-N in HLR L_SW
(Figure 3.4). Although the wetlands with no standing water had relatively lower TP and TN
removal efficiency than the ones with standing water, they showed a greater yearly difference of
TP and TN removal efficiency between 2018 and 2019.

3.4.3.2 Mass retention
Loading of phosphorus to the HLRH and HLRL were estimated to be 1.43 and 0.476 g P
m-2, while the loadings of nitrogen to the HLRH and HLRL were 49.2 and 16.43 g N m-2 over the
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two years. The mass retentions of TP in HLRH had around three times the mass retention in
HLRL (p<0.05) (Table 3.2), which makes sense as the flow rate for high loading rates is 200
percent higher than the low loading rates. However, there was no significant difference in
phosphorus mass retention when comparing water level treatments. Listed from the highest
magnitude of TN mass retention to lowest, the treatments are ordered HLRH_SW, HLRH_NSW,
HLRL_SW, and HLRL_NSW (Table 3.2). While the removal efficiency of TN is lower in
HLRH_SW, the total mass retention of N in HLRH_NSW is approximately 142% of the retention
in HLRL_SW.
All the hydrologic treatments showed a significant increase from 2018 to 2019 in all nutrient
mass retentions except NOx-N mass retention in HLRL_SW showed slight yet significant
declines (Figure 3.5). In 2018, all the nutrient mass retentions in HLRL_SW were significantly
greater than HLRH_SW, while in 2019, this was only true for the TN and NOx-N mass
retentions.

3.4.4 Macrophyte cover and species richness
During the 2019 plant survey, a total of eleven new species were identified in the wetland
mesocosms (Table 3.3); 3 and 9 species were found in standing water and non-standing water
mesocosms, respectively. Species richness in wetlands increased under all treatments. However,
more OBL species had been found in SW than in NSW. A Kruskal-Wallis test indicated
significant differences in species richness among four hydrological control treatments
(p=0.0003); however, a comparison for each pair stepwise using the Steel-Dwass method showed
no significant difference between HLRL_SW and HLRH_SW (p=0.5712) or between
HLRL_NSW and HLRH_NSW (p=0.0790).
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By August 2019, two years after the mesocosms were planted, all the wetlands
maintained with standing surface water were still dominated by S. tabernaemontani (bulrush)
which had over 90% of coverage; but the treatments with no standing surface water had only
around 50-60% cover of S. tabernaemontani (Table 3.3). Three new facultative wetland species
(FACW) (Polygonum pensylvanicum, Cyperus esculentus, and Eupatorium perfoliatum)
appeared in the drier (no surface water) mesocosms. Meanwhile, in the wetlands with only
saturated soil, facultative upland species (FACU) became established. The OBL Typha spp.
species was only found in HLRL_SW, while Alisma plantago-Aquatica was present in both
HLRL_SW and HLRH_SW. Moreover, Carex vulpinoidea (fox sedge) was the only OBL species
presented in NSW. After two growing seasons, the richness of plant communities showed a
more significant difference in response to various water level conditions than hydrological
loading rates.
Hydrologically open wetland ecosystems with continually feeding high-nutrient water
sources showed a rapid succession of wetland vegetation development in community diversity in
the first ten years at the experimental wetlands at the Olentangy River Wetland Research Park in
central Ohio (Mitsch et al., 2012, 2014). Plant community composition in a self-designed system
could advance ecosystem functions such as nutrient uptake and carbon sequestration (Schultz et
al., 2011). However, Typha spp. has been considered as an issue of invasion for wetland
restoration, as their monospecific dominance could lead to the competitive exclusion of planted
species like S. tabernaemontani (Mitsch et al., 2000a).
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3.5 Discussion
3.5.1 Nutrient retention of treatment wetlands
Results of mass retention rate and removal efficiency in this study provide in situ
evidence that restoring wetlands in the former swamp can potentially recover a natural
ecosystem that would function as a great nutrient sink in the western Lake Erie basin (Horvath et
al., 2017; Mitsch, 2017b). Estimated nitrogen and phosphorus mass retention rates in our
mesocosm wetlands fell in the value ranges suggested by Mitsch et al. (2000b), which indicate
that wetland systems can retain nitrogen and phosphorus at a rate of about 0.5-5 g-P m-2 yr-1 and
10-40 g-N m-2 yr-1.
While nitrogen removal efficiencies in this study are consistent with previous studies of
natural treatment wetland systems, we report a relatively higher phosphorus reduction than in
other created wetland systems for agricultural runoff (Land et al., 2016). The capacity for
nutrient removal in newly created wetlands normally increases gradually in the first couple of
years (Mitsch et al., 2014). Some studies even showed that agricultural wetlands might have
negative removal rates in the beginning, but gradually following an increasing trend in removal
rates (Land et al., 2016). Mitsch et al. (2015) also reported that it took wetland mesocosms 2 to 3
years to switch from being a nutrient source to a nutrient sink in the Florida Everglades (Mitsch
et al., 2015). Our mesocosm wetlands became sinks generally only after two months of operation
(Figure 3.3). The rapidly established biomass production and already present hydric soils
contributed to rapid improvement in water quality.
3.5.2 Role of water level in treatment wetlands
Significantly higher nutrient removal rates of nitrogen and phosphorus were observed in
our mesocosm wetlands with standing water than in those with no standing water (Table 3.2).
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Standing water is important for designing treatment wetlands, as water level contributes both
direct and indirect impacts on nutrient cycling (Mitsch and Gosselink, 2015).
The soil with 10 cm standing water simulated shallow flooded conditions, while saturated
soil with no standing water simulating moist soil conditions. A direct impact of soil being
flooded is that anaerobic conditions increase, and soil redox potentials decline. This advances the
biological processes involved in nitrogen and phosphorus cycling and provides stress to plants
(Clément et al., 2005; Pezeshki and DeLaune, 2012; White et al., 2019). There are two potential
indirect impacts of inundated conditions. First, with standing water, the establishment of wetland
plants should occur more quickly and with higher richness. Studies show that higher species
richness of wetland plants could lead to lower nutrient concentrations of the outflows
(Engelhardt and Ritchie, 2001). Well-developed wetland plants had an advantage in the
regulation of nutrient cycling due to their root zone development (Fraser et al., 2004). Second,
surface water provides habitat for submerged plants and algae, which both contribute
significantly to nutrient uptake through their metabolic cycling (Mitsch et al., 2015).

3.5.3 Role of hydraulic loading rate in treatment wetlands
The hydraulic loading rate was a relatively insignificant factor for phosphorus and
nitrogen retention in no standing water mesocosms but had a significantly negative impact on
standing water mesocosms. Our results are consistent with a previous study of HLR, which
reported a negative relationship between HLR and nutrient removal percentage in wetlands
(Dierberg et al., 2002). However, in practice, the control of HLR should be designed considering
many other characteristics and factors of the wetland together, such as soil clogging (Pavelic et
al., 2011). In addition to the various impacts on nutrient retention, water level, and HLR also
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influence plant growth and community diversity development. In return, plants can impact
hydrology and biogeochemical processes.

3.5.4 Response and contribution of wetland plants in treatment wetlands
The annually increasing nutrient removal rates in the mesocosms may indicate a
contribution from the continued development of vegetation communities. Engelhardt and Ritchie
(2001) found that wetlands with higher macrophyte species richness show higher algal and
macrophyte coverage and higher phosphorus retention. Restored wetlands have natural
hydrophyte seedbanks from which wetland plants may germinate during the hydroperiod; plant
roots advance oxygenation and coupled nitrification and denitrification in the soil
(Hopfensperger, 2007; Neff et al., 2009). A long enough period of inundated standing water
(flooding) is important for the establishment of wetland plants. Moreover, different wetland plant
species exhibit different tolerances to different levels of nutrient loading and water depth (Ridolfi
et al., 2006; Cronk and Fennessy, 2001). While plants could benefit from the bioavailable
nutrients from water inflows, soil also plays a key role in wetland ecosystem development.

3.5.5 Nutrient accumulation in soils
Although all the wetland mesocosm showed significant mass retention of nutrients from
water sampling of inflows and outflows, we did not find a positive nutrient accumulation in the
topsoil when comparing soil tests from 2017 and 2019 (Figure 3.6). There are many potential
factors and experiment operations that could explain this observed decrease in soil phosphorus
over a period when water samples indicated great phosphorus mass retention. First, the nutrient
uptake by plants could be significantly higher than we expected. Mitsch et al. (2015) reported
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that the phosphorus flux was estimated at approximately 11.8 g P year-1 stored in Cladium and
18 g P year-1 in submerged/algae by applying a three-year mesocosm study in south Florida.
Second, the soil samples were from the topsoil (0-10 cm) and ignored the deeper soil, which may
contain significantly more phosphorus than the newly accreted sediments above. Vertical
distributions of phosphorus concentrations can decrease sharply above 5 cm (Shao et al., 2019).
Third, even though the soil samples were collected in late October, plants probably still had not
yet died and decomposed, especially vascular plants. Thullen et al. (2008) found that only 15%
of the macrophyte mass (e.g., bulrush) may totally decay in one year, suggesting that our soil
samples could have missed many of the nutrients maintained in the aquatic plant metabolic
cycling. Finally, the operation of draining the wetland in the winter for protecting plants and
pipes could lead to nutrients being flushed out by rainfall during the early spring.

3.5.6 Implication of future wetlaculture research and watershed nutrient management
This study investigated an in situ mesocosm experiment that restored wetlands’ water
purification functions under various hydrologic conditions. Our findings provide important
evidence of the key role that wetlands can play in non-point nutrient source control; however, the
results do not show significant nutrient accumulation in the soil after only two years of operation.
Recovering the fertile soil conditions could take longer than we initially expected. Therefore, for
future wetlaculture studies, we recommend consideration of the following:
1) the below and above ground biomass of plants and nutrient concentrations in plants;
2) a profile of nutrient concentrations in the new accreted sediment of the topsoil;
3) the impact of draining the mesocosm wetlands in the winter;
4) annual decomposition rates of plant detritus;
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A deeper understanding of how hydrologic conditions can advance nutrient sequestration
and accumulation in wetland systems will allow the model of wetlaculture approach to be
applied on a landscape scale. In other words, ecological engineers can design the most efficient
treatment wetland and sustainable agricultural system by selecting a suitable location that will
ultimately improve landscape water quality and public environmental health.
Overall, restoring farmland to wetlands, especially in this former swamp area, is a
practical means of achieving nitrogen and phosphorus retention targets in the Western Lake Erie
Basin. This works by advancing the eco-functions of water quality improvement via hydric soils,
quick wetland vegetation establishment, and appropriate hydrologic conditions.

3.6 Conclusions
1. These mesocosm wetlands created with hydric soils left behind by the drained Black
Great Black Swamp in NW Ohio and upstream of the western basin of Lake Erie
became nutrient sinks almost immediately, with average removal efficiencies of TP and
TN of 60% and 28% in 2018, and of 83% and 54% in 2019, respectively.
2. The combination of a high loading rate and 10cm of standing water achieved the best
phosphorus and nitrogen removal efficiencies through the two-year hydroperiod,
averaging 76% and 60%, respectively.
3. During the two-year period, average net mass retention of phosphorus from water
sampling was estimated to be 1.0 g P m-2 in the wetland mesocosms with higher
hydraulic loading rate, while the highest estimated net nitrogen mass retention (average
22 g N m-2) was shown in the wetland mesocosms with standing water and higher
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hydraulic loading rates. The mass retention of P in the high loading rate treatment was
almost three times the retention of the low loading rate treatment.
4. A total of eleven new species were identified as volunteering in the wetland mesocosms
to supplement the planted S. tabernaemontani. The coverage and species richness
wetland plants were both higher in the standing water treatments than in the no standing
water treatment.
5. This study has established that the wetlaculture mesocosms under a variety of loading
rates and water depths effectively removed phosphorus and nitrogen from agricultural
runoff. However, biogeochemical cycling and budgeting of nutrients involving the three
main components of wetland ecosystems (water, vegetation, and soil) need to be studied
further. Future wetland research in these or other mesocosm experiments should
consider intersystem transformations such as plant decomposition, plant root nutrient
retention, sediment retention, and other nutrient transformations, in addition to
considering water quality changes.
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Table 3.1 Average ± standard error (number of samples) concentration (ppb=µg L-1 and ppm=mg
L-1) of nitrogen and phosphorus species at the mesocosm inflow and outflow in 2018 and 2019. *
indicate a significant difference in concentration between 2018 and 2019 at α=0.05 level.
Nutrient species
Inflow (ppb)
TP
Outflow (ppb)
Inflow (ppb)
SRP
Outflow (ppb)
Inflow (ppm)
TN
Outflow (ppm)
Inflow (ppm)
NOx-N
Outflow (ppm)
Inflow(ppm)
TKN
Outflow(ppm)

2018
142±14(5)
57±3(139)
23±5(6)
11±1(168)
6.14±0.84(7)
4.40±0.16(195)
4.91±0.85(7)
3.36±0.16(196)
1.22±0.14(7)
1.06±0.03(195)

2019
162±8(8)
28±2(206) *
35±4(8)
7±1(231) *
4.62±5.0(9) *
2.14±1.0(231) *
2.76±0.37(9) *
0.96±0.07(233) *
1.86±0.18(9) *
1.18±0.04(233) *

Table 3.2 2018-2019 Removal efficiency (Average ± standard error (number of samples)) and
Mass retention of TP and TN during hydroperiod in 2018 and 2019 (total of 31 weeks). NSW =
no standing water with saturated soil; SW = standing water; HLRH = 30cm week -1; HLRL = 10cm
week -1
2018-2019 Removal efficiency (%)
2018-2019 Mass retention (g m-2)
HLRH
HLRL
HLRH
HLRL
b
b
A
NSW
67±3(80)
66±4(90)
1.01±0.036(6)
0.33±0.01(7) B
TP
SW
71±2(84) ab
76±2(90) a
1.08±0.02(6) A
0.37±0.01(7) B
NSW
28±3(101) c
32±4(110) c
14.45±0.93(6) B
4.90±0.31(7) C
TN
b
a
A
SW
42±3(104)
60±3(111)
22.24±1.14(6)
10.18±0.24(7) B
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Table 3.3 List of species indicators identified in four hydrologic treatments and survey of
vegetation coverage (average ± standard error (number of samples) % ) in 2018 and 2019 at
Defiance mesocosm site. OBL= obligate wetland species; FACW= facultative wetland species;
FACU= facultative upland species; UPL= obligate upland species and NL= not in the list. NSW
= no standing water with saturated soil; SW = standing water; H=30cm week -1; L=10cm week -1

Scientific name
Schoenoplectus tabernaemontani
Alisma plantago-aquatica
Carex vulpinoidea
Typha spp.
Polygonum pensylvanicum
Cyperus esculentus
Eupatorium perfoliatum
Rumex crispus
Echinochloa crusgalli
Ambrosia artemisiifolia
Setaria viridis
Erigeron canadensis

HLR

Water Level

Indicator

Coverage (%)

H
L
L
H
H
L
H
L
L
H
L
H
L
H
H
L
H
L
H
H
L
H

SW
SW
NSW
NSW
SW
SW
NSW
NSW
SW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW
NSW

OBL
OBL
OBL
OBL
OBL
OBL
OBL
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Figure 3.1 Location of experimental mesocosm site at Defiance in northwestern Ohio, USA. The
wetland mesocosm experiment is being conducted at Defiance, Ohio (Latitude 41°21'45.41"N,
Longitude 84°17'42.12"W), in the Laurentian Great Lakes Basin immediately southwest of Lake
Erie.

Figure 3.2 Monthly average potential evapotranspiration and precipitation (cm) in Defiance and
monthly ditch water level (cm) from January 2018 through August 2019.
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Figure 3.3 Removal efficiency of (1) total phosphorus (TP) and soluble reactive phosphorus (SRP); (2) total Kjeldahl nitrogen (TKN);
and (3) Nitrate+Nitrite (NOx-N) for April 2018 through October 2019.
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Figure 3.4 Mean removal efficiency (%) of (1) TKN; (2) NOx-N(Nitrate+Nitrite); (3) TN; (4)
SRP; and (5) TP in different hydrological condition wetlands in 2018 and 2019 separately. NSW
= no standing water with saturated soil; SW = standing water; HLRH = 30cm week -1; HLRL =
10cm week -1. Bars represent mean value with standard error line and designated with different
letters, which indicate significantly difference at α=0.05 level between the means (P <0.05). The
lowercase and capital letters relate to differences in removal efficiency between different
hydrologic conditions wetlands in 2018 and 2019, respectively. Mark of * indicates a significant
difference between each hydrologic condition wetland group between 2018 and 2019 at α=0.05
level.
81

Figure 3.5 Nutrient Retention in Annual Hydroperiod:13 weeks in 2018 and 18 weeks in 2019 of
(1) TKN; (2) NOx-N(Nitrate+Nitrite); (3) TN; (4) SRP and (5) TP in different hydrological
condition wetlands in 2018 and 2019 separately. NSW = no standing water with saturated soil;
SW = standing water; HLRH = 30cm week -1; HLRL = 10cm week -1. Bars represent mean value
with standard error line and designated with different letters, which indicate significant difference
at α=0.05 level between the means (P <0.05). The lowercase and capital letters relate to differences
in removal efficiency between different hydrologic conditions wetlands in 2018 and 2019,
respectively. Mark of * indicates a significant difference between each hydrologic condition
wetland group between 2018 and 2019 at α=0.05 level.
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Figure 3.6 Concentration of (1) total nitrogen (%); and (2) total phosphorus(mg/kg) in the
mesocosm soil in fall 2017 and fall 2019. Bars represent standard error. Different letters indicate
significant difference at α=0.05 level between the two years.
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CHAPTER FOUR: FINDING POTENTIAL WETLACULTURE SITES IN THE GREAT
BLACK SWAMP AND THE WESTERN LAKE ERIE BASIN FOR MITIGATING LAKE
ERIE HARMFUL ALGAL BLOOMS

4.1 Abstract
This landscape investigation is focused on finding the most suitable wetland/wetlaculture
restoration sites on a former 6700 km2 Great Black Swamp in the western basin of Lake Erie,
one of the Laurentian Great Lakes in North America. It is reported that Lake Erie is plagued to
an area of 1600 km2 in August 2019 by harmful algal blooms which due to nutrient discharges
primarily from this basin. For developing a potential indicator GIS model, various data layers of
hydrology, soils, and topography were combined to classify potential wetland areas. First, each
data layer was reclassified into the scoring system, which had two kinds of score ranges. One is
the criteria for suitability clustered into a range from 0 to 5, and the other is a restriction factor
classified with binary value. Second, three models were developed from all the reclassified score
layers with a different weight index combination. Overall, the estimated area of highly suitable
potential wetland/wetlaculture areas in the Western Lake Erie Basin and in the Great Black
Swamp area is approximately 1000 km2 (3%) and 800 km2 (12%), respectively, much larger than
the 400 km2 of wetlands that have been suggested as necessary to control the algal blooms.
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4.2 Introduction
As fertilizer usage has increased in food production systems everywhere, agriculturaldominated watersheds have become a significant long-term contributor of nutrients to
downstream aquatic ecosystems (Michalak et al., 2013; Jarvie et al., 2017). Enriched nutrient
loading from agricultural runoff in the Western Lake Erie Basin (WLEB) is identified as the
major nutrient source for Lake Erie, which has experienced frequently harmful algae blooms for
decades which lead to serious public health issues (Michalak et al., 2013; Kane et al., 2014;
Jarvie et al., 2017). Forty percent phosphorus reduction in the Maumee River watershed has been
proposed by Ohio, Michigan, and Indiana state agencies, restoring historic wetlands is
highlighted as a key strategy for achieving this target goal (Scavia et al., 2016, 2017; Ohio EPA,
2013; USEPA, 2018). Much attention has focused on bringing back the Great Black Swamp, also
called as the Black Swamp, in the WLEB which lost over 90% of the historic wetland for
agricultural development in the twentieth century (Horvath et al., 2017; Mitsch et al., 2017b). In
fact, it was recommended by Mitsch et al. (2017b) that restoration of 400 km2 of wetlands in the
Western Lake Erie Basin would decrease the phosphorus loading by 37%, close to the 40%
reduction that has been recommended as a goal for nutrient control for western Lake Erie
(Mitsch et al., 2017b).
Wetlaculture (wetland + agriculture) is defined as a sustainable agricultural system
integrated with treatment wetlands (Mitsch, 2017b). This wetlaculture not only targets reducing
non-point nutrient source but also aims to cut off the need for fertilizer by recycling nutrients
(Mitsch, 2017a). It is a two-step process that first uses treatment wetlands to capture excess
nutrients over several years, after which the nutrients are recycled to agriculture on the same
landscape. This process is described as a landscape solution for solving the environmental issue
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(Mitsch, 2017a,b, 2018). This paper is an early attempt to find potential wetlaculture sites for
both pilot demonstration projects and finally for solving downstream pollution projects. This
investigation will focus on the Western Lake Erie Basin (WLEB), much of which was the former
Great Black Swamp, by applying a geographic information system (GIS)-based decision support
system (GIS-DSS) to find optimal sites for applying this landscape ecological engineering
approach on a large scale.
GIS-DSS has been widely applied in wetland restoration planning (Palmeri and Trepel,
2002; Rains et al., 2013; Horvath et al., 2017). However, it still needs further study to develop
spatial models for decision-makers, considering the different goals and conditions in various
regions (Alexandridis et al., 2007). Hydrology and soil conditions are important for wetlands
restoration and for developing wetland function that targets high nutrient removal efficiency
(Mitsch and Gosselink, 2015). Our study develops a GIS model of suitability analysis for
selecting potential sites for highly efficient wetlaculture system in the WLEB and the Great
Black Swamp, which was mainly drained for agricultural development in the nineteenth century
(the 1800s). The model is developed using the following approaches: 1) defining criteria and
normalizing the score layers; 2) building models with three overlays by applying different weight
combinations in hydrology and soil conditions; 3) identifying the most potential suitable
wetlaculture site.

4.3 Study area and data
4.3.1 Study area
The Western Lake Erie Basin is situated in the north-central U.S. and covers an area of
30,745 km2 in the states of Ohio, Michigan, and Indiana (Figure 4.1). The Great Black Swamp
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was about 20% of the WLEB area. Non-point nutrients enter Lake Erie from the western basin
through three major tributaries—the Maumee, Sandusky, and Raisin Rivers. The Maumee,
Sandusky, and Raisin River watersheds are 53%, 11%, and 9% of the WLEB area, respectively.
The annual cumulative load of soluble reactive phosphorus (SRP), which is also referred as a
readily bioavailable nutrient source for the growth of algal blooms, over the period of 2003 to
2014, from these three watersheds has increased by 116%, 94%, and 253%, respectively (Jarvie
et al., 2017).

4.3.2 Data collection
There are several national datasets that we found useful for this study: 1. The National
Land Cover Dataset (NLCD, http://www.mrlc.gov/ ), 2. the U.S. Fish and Wildlife Service’s
National Wetland Inventory (NWI, https://www.fws.gov/wetlands/), 3. the Natural Resources
Conservation Service (NRCS, https://www.nrcs.usda.gov/wps/portal/nrcs/site/national/home/),
and 4. the gridded Soil Survey Geographic Database (gSSURGO, https://lta.cr.usgs.gov/NED ).
These databases will be applied for collecting data of land use/land cover (LULC),
vector/polygon shapes of multiple wetland types, the National Elevation Data, and soil data.
ArcGIS/ArcInfo geographic information system (GIS, Environmental Systems Research
Institute, Inc., Redlands, CA) was used to run the suitability analysis.

4.4 Suitability analysis
Suitability analysis was processed with selecting criteria, data inputting, managing subcriteria, assessing factor weight index, building overlay models, and clustering score systems in
combination with current wetlands distribution (Table 4.1, Figure 4.2). Three steps are involved
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in developing suitability analysis: building normalized score layers of each criterion, overlay the
score layers with a designed weighted index and clustering the final score of the suitability.

4.4.1 Identifying criteria and screening score layers
In this potential indicator model of wetlaculture, data layers of land cover, hydrology, and
soil features are selected. Two kinds of score layers are developed: the criteria layer for the
suitability, which scored into integer value ranged from 0 to 5, and the restriction factor layer,
which scored into a binary value, 1 and 0 (Table 4.1).

4.4.1.1 Farmland and current wetlands
Wetlaculture is a system designed for developing sustainable agriculture. Thus cropland
is only considered and evaluated. The layer of cultivated crops distribution is assigned with
binary value, 0 and 1 (Figure 4.2). The area assigned with value 0 is excluded. Moreover,
considering the importance of cropland, the prime score layer is created to identify different
levels of prime farmland (Table 4.1). The distribution of current natural freshwater wetlands is
used as a reference for clustering the hydrology conditions.

4.4.1.2 Hydrology layer
The hydrology layer is created by assigning the value of the saturation index, referred to
as the Compound Topographic Index (CTI). CTI is applied to show the potential water source
and flowing conditions depending on the analysis of the topographic surface (Horvath et al.,
2017). Horvath et al. (2017) also pointed out that CTI had already been widely used for
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identifying soil moisture, types of wetlands, and hydrologically connected regions, and ArcGIS
9.3 (ESRI Inc., Redlands, CA, USA) could be used for calculating CTI. The formula for CTI is:
α

𝐶𝐶𝐶𝐶𝐶𝐶 = ln �tan β�;

(1)

where, α = ((flow accumulation +1) x pixel area (m2)) and, ß = slope (radians) (Raihan et al.,
2020). Slope, aspect raster maps are created directly from DEM and then maps of flow direction,
flow accumulation is developed from the ‘Fill’ raster of DEM by using software ArcGIS.
The value of CTI is overlaid with the mapping of different kinds of wetlands to identify
the typical wetland wetness value (Figure 4.2). The order of score 1 -5 would be reclassified
based on the range of the CTI value that the order of the area of natural wetlands shows.

4.4.1.3 Soil layer
Soil data which were downloaded from gSSURGO were defined using four different
criteria (soil order, hydric classification-presence, drainage class, and hydrologic soils group)
layers with the score from 0 to 5 and one restriction factor (hydric rating) layer with a score of
binary value (1 and 0) (Figure 4.2, Table 4.1).
United States Department of Agriculture (USDA) soil taxonomy has twelve groups of
soil orders based on various physical, biological, and chemical characteristics of soils. There are
five different soil orders showed in both WLEB and the Great Black Swamp area, except that
one soil order, noted as Ultisols, was found only in WLEB. The reclassified score for soil order
layers is based on the order of the percentage of the area in each soil group (Table 4.1). Hydric
classification -the presentation layer is also reclassified based on the percentage of the area
(Table 4.1). The layer drainage class is referred to as a scoring layer for classifying how fast the
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water is removed. Poorly drained soil is slower for water to be removed and then clustered with a
higher score (Table 4.1).
Hydrologic soils groups are different forms of soils categorized into four types with an
order from low to the high level of runoff potential and from high to low level of infiltration
rates: A (forms of soils are sand, loamy sand or sandy loam), B (forms of silt loam or loam), C
(sandy clay loam), and D (clay loam, silty clay loam, sandy clay, silty clay or clay), representing.
The groups of soils, A/D, B/D, and C/D indicate two conditions: if the soil was drained, it
belongs to the group of the first letter before the slash; if the soil was not drained, then it
belonged to the group of the second letter after the slash. The soil with the highest potential
runoff, which was mainly composed of clay, is assigned the highest score of 5 (Table 4.1).

4.4.2 Developing models with a different weighted overlay score system
Once all the reclassified score layers were created, they would be overlaid with various
weight indexes to develop a suitability raster for the location of a potential wetlaculture site. The
formula used for calculating suitability raster is shown as:
𝑆𝑆 = ∑𝑛𝑛𝑖𝑖=1 𝑤𝑤𝑖𝑖 𝐶𝐶𝑖𝑖 ∏𝑚𝑚
𝑗𝑗=1 𝑟𝑟𝑗𝑗

(2)

where, S is the suitability score for a potential restorable wetland site; wi is the weight for

criteria i(Ci); Ci is the criteria for suitability; rj is the restriction factor, and m and n are the total
numbers of restriction factors and criteria for suitability.
Three models with differently designed weighting coefficients are shown in table 4.1.
Model 1 is building with equal weight among the criteria for suitability layers (Ci). Model 2 has
the highest influence index of 50% for CTI, which increased the impact of hydrology condition
on suitability, while model 3 has the lowest influence index of 10% for CTI.
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4.4.3 Scoring for potential wetlaculture sites
The scoring system for determining potential wetlaculture sites includes six levels with a
score from 0 to 5 (Table 4.1). Zonal statistics is focused on clustering the score into three levels
of potential suitability: poorly suitable, moderately suitable, highly suitable (Figure 4.2).

4.5 Results and discussion
4.5.1 Screening layers of WLEB and the Great Black Swamp
While over 70% of the WLEB area and 80% of the Great Black Swamp area now
farmland planted with corn, soybeans, and wheat, only 0.03% of the WLEB area and 0.02% of
the Great Black Swamp remain as freshwater wetlands (Figure 4.3). Studies have shown that
over 70% of the nutrient loading from the Lake Erie basin is from non-point sources in the last
decade. This suggests that the significant missing historic wetlands represent a big loss of
protection for downstream waters, especially in the watershed, where the industrial-agricultural
system has been overdeveloped.
Since hydric soil is a key indicator of wetlands, it has been used as an indicator for
wetland identification (Anderson et al., 2005; Mitsch and Gosselink, 2015: Mack et al., 2019;
Zhang et al., 2020). This study shows that 41% of the WLEB area (1,2581 km2) and 72 % in the
Great Black Swamp area (4,822 km2) are still covered by hydric soil. This is consistent with the
estimated area (around 4,000 km2~400,000 ha~1 million acres) of historic wetland, the Great
Black Swamp (Forsyth, 1960; Mitsch, 2017b). The Great Black Swamp is located in the center
of the WLEB (Figure 4.4).
Wetness index is a typical topographic-based criterion for selecting suitable restoration in
wetland areas (White and Fennessy, 2005; Horvath et al., 2017). Wetlaculture is a system that
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uses wetlands for water quality treatment and recycles those nutrients in agricultural watersheds.
Hence, it is important to select the most suitable wetland area and then provide advanced water
quality function. The maximum and minimum values of CTI in natural wetlands in the WLEB
are 2 and 28, respectively (Figure 4.5). The range of CTI value is consistent with another
suitability study of northeastern Ohio wetland restoration in the Cuyahoga River watershed
(White and Fennessy, 2005). White and Fennessy(2005) found that the value of CTI ranged from
5 to 7 with more areas of freshwater forested/shrub wetlands than freshwater emergent wetlands
with the value of CTI values that ranged from 11 to 14. This indicated the potential
accumulation of water would be highly responsible for the distribution levels in wetland plant
communities. The distribution of a high score of CTI is mainly located in the central of the
WELB and the almost entire area of the Great Black Swamp (Figure 4.6a). The score layer of the
drainage class also shows poorly drained soil distributes in the Maumee River basin (Figure
4.6e).
Soil order in the western area of the GBS is mostly Inceptisols. Over half of the WLEB
and the GBS area are distributed with a soil order of Alfisols (Figure 4.6b). Both Alfisols and
Inceptisols are typical mineral soil. Furthermore, the high score of hydric classification and
hydrologic soil group are also constrained in this area, with around 20% and 30% of the total
area of GBS (Figures 4.6 d and f). This could explain why the most ‘not prime farmland’ area
(19% of the GBS area) is also located in a similar area (Figure 4.6c).

4.5.2 Potential wetlaculture sites
The area of suitability with high potential for wetlaculture, as estimated by model 3 is the
greatest both in WELB and in the Great Black Swamp, compared to the results of the other two
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different weighted overlay models (Figure 4.7; Table 4.2). The estimated area of highly suitable
wetlaculture in model 1 is almost the same as in model 2 in the Great Black Swamp. However,
the most suitable wetlaculture area in model 2 is distributed more evenly through the Great Black
Swamp while the area is more concentrated in the western and eastern edges of the Great Black
Swamp (Figure 4.7).

4.5.3 Implication of future research
This study only focuses on simplified suitability analysis, constrained by the accuracy of
the data layer. But our model can be promoted by overlaying with more different criteria data,
such as the hot spot of water quality data. Accurate flow streams and sub-basins maps are keys
for the watershed model in comparing hydrological conditions with the river network and basin
map relying on aerial photographs and larger-scale analysis (Palmeri and Trepel, 2002). This
study’s flow accumulation is only verified from un-modified DEM. Thus, in the future, the
calculated streams networks should be recalibrated with the true DEM. The entire Maumee River
watershed is highly impacted by anthropogenic influence.
If the priority goal of restoring wetlands in the Great Black Swamp area is considered
removing nutrients from a non-point water resource, then the assessment of the water quality and
the concentration of nutrients in the soils should also be estimated in the model. Hence, in future
research, physical models and more accurate soil survey can be progressed to help provide
fundamental information which can be referenced in wetland restoration management and
decision making. The methodology that is provided in the model can be the key to providing the
indications for wetland implementations within various spatial scales of decision making.
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Effectiveness of methods, availability of the data, and the quality of geographical information
can be the main considered limitation of spatial suitability models.

4.6 Conclusions
Agriculture runoff from the WLEB is the main nutrient source in Lake Erie. Restoring at
least 10% of the historic Black Swamp and developing wetlaculture has been proposed as a
potential landscape solution for the landscape problem in Lake Erie basin. Thanks to the wide
availability of geological data and desktop GIS applications, the GIS model can be a very useful
tool in developing spatial models for building a decision support system. Evaluation of potential
wetlaculture sites can provide meaningful information for developing long-term sustainable
agricultural systems. This study shows that the area of historic wetlands, which was converted
into farmland, provides a unique advantage in hydrology and soil conditions. Future research
should focus on selecting the most suitable location, taking field investigation data and using
physical models (mesocosm experiment), mathematical models, and business models to
investigate the application of this new integrated wetland and agriculture system with targeting
to protect downstream waters and recycling nutrients.
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Table 4.1 The reclassified score systems of eight criteria layers and three models with different
weight index: model 1 (M1) has the equal-weighted influences of all criteria, model 2 (M2) has a
relatively higher weighted influence of the Compound Topographic Index (CTI), and relatively
lower weighted influence of CTI model 3 (M3).
Criteria
layer
Value
Score M1 M2 M3
2-7
1
7-9
2
CTI
c1
9-11
3
0.2 0.5 0.1
11-13
4
13-32
5
Ultisols
0
Histosols
1
Entisols
2
Soil order
c2
0.16 0.1 0.2
Mollisols
3
Alfisols
4
Inceptisols
5
Others
0
Prime farmland if drained
1
Prime farmland if protected from flooding
2
Prime farmland
c3
0.16 0.1 0.1
All areas are prime farmland
3
Prime farmland if drained
4
Not prime farmland
5
0-4
1
4-9
2
Hydric
classification
c4
9 - 89
3
0.16 0.1 0.2
(presence)
89 - 92
4
92 - 100
5
Excessively drained
0
Somewhat excessively drained
0
Well drained
1
Drainage class
c5
Moderately well drained
2
0.16 0.1 0.2
Poorly drained
3
Somewhat poorly drained
4
Very poorly drained
5
A
0
B
0
C
1
Hydrologic soil
c6
A/D
2
0.16 0.1 0.2
group
B/D
3
C/D
4
D
5
Yes
1
Cultivated
r1
N/A N/A N/A
cropland
No
0
Yes
1
Hydric rating
r2
N/A N/A N/A
No
0
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Table 4.2 The estimated area of suitability potential wetlaculture by three models with different weight index: model 1(M1) has the
equal-weighted influences of all criteria, model 2 (M2) has a relatively higher weighted influence of the Compound Topographic Index
(CTI), and relatively lower weighted influence of CTI model 3 (M3) in the Western Lake Erie Basin (WLEB) and the Great Black
Swamp (GBS) area.
Suitibility
Model 1

Model 2

Model 3

Highly suitable
Moderately suitable
Poorly suitable
Highly suitable
Moderately suitable
Poorly suitable
Highly suitable
Moderately suitable
Poorly suitable

2

Area (km )
852
7840
20205
1061
5975
21861
1248
8011
19638

WLEB
Percentage (%)
3
25
66
3
19
71
4
26
64
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2

Area (km )
726
3311
2381
713
2755
2950
966
3118
2334

GBS
Percentage (%)
11
49
35
11
41
44
14
46
35

Figure 4.1 The Western Lake Erie Basin, based on the Watershed Boundary Dataset Hydrologic
Unit 4-digit (WBDHU8), that consists of thirteen WBDHU8 sub-watershed areas and the Great
Black Swamp (Forsyth, 1960)
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Figure 4.2 Illustration of the process of suitability analysis using various data sources: digital
elevation model (DEM), national wetland inventory (NWI), soil data from the natural resources
conservation service soil survey geographic databases (Soil), land use/land cover (LULC). Three
levels of suitability are clustered based on the suitability score: poorly suitable area (0-2),
Moderately suitable area (3), Highly suitable area (4,5).
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Figure 4.3 Maps of the distribution of a) natural wetlands; b) cropland in the Western Lake Erie
Basin and the Great Black Swamp.
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Figure 4.4 Map of the distribution of hydric soil (hydric rating=Yes) in the Western Lake Erie
Basin and the Great Black Swamp.

Figure 4.5 Percentage of area for each Compound Topographic Index (CTI) of the two kinds of
natural wetlands in the Western Lake Erie Basin.
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Figure 4.6 Spatial distribution in the Western Lake Erie Basin and the Great Black Swamp area of a) Compound Topographic Index
(CTI); b) Soil order (Ultisols=0, Histosols=1, Entisols=2, Mollisols=3, Alfisols=4, and Inceptisols=5); c) prime farmland; d) hydric
classification basing on the percentage of hydric soil presence; e) drainage class (from poorly to excessively drained = score from 5 to
0); f) hydrologic group ( D=5, A/D=4; B/D=3; C/D=2; C=1; others=0).
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Figure 4.7 The score of suitability potential for wetlaculture in the Western Lake Erie Basin and
the Great Black Swamp based on three models with different weight index: a) model 1 which
has equal-weighted influences of all criteria: model 2 with b) a relatively higher weighted
influence of the Compound Topographic Index (CTI) and c) a relatively lower weighted
influence of CTI model 3.
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CHAPTER FIVE: SUMMARY AND CONCLUSIONS

5.1 Wetlaculture experiment at two study sites
Two study sites, Buckeye Lake Wetlaculture (BLW) and Defiance Wetlaculture (DW),
are both located in the north-central U.S. state of Ohio in a temperate continental climate. Both
mesocosm sites have the same design, receive the same controlled hydrology conditions, and
were initially planted with bulrush (Schoenoplectus tabernaemontani). Both mesocosm sites sit
on lands that historically swamped, and all individual mesocosms were filled with local hydric
soil. Both are fed with nutrient-rich agricultural runoff from nearby streams or ditches.
The BLW experiment started one year earlier than the DW experiment. The annual
hydroperiod of BLW is 2 - 5 weeks longer than that of DW. In contrast to the totally dry summer
season at the DW site, the Buckeye Lake mesocosm site is in a depressional wetland area with
frequent surface water flooding in the spring and summer.

5.2 Three components of wetland/wetlaculture
5.2.1 Water quality and nutrient retention
Our study shows that nutrient concentrations of total phosphorus (TP) in the inflow at
Buckeye Lake site (BLW) from the South Branch of the Licking River in the Ohio River Basin
(335±21 ppb) was considerably higher than concentrations from man-made ditches at the
Defiance Ohio (DW) site near Lake Erie (154±10 ppb), while concentrations of total nitrogen at
BLW (1.75±0.043 ppm) were lower than at DW site (5.28±0.18 ppm). Over the study period, the
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average removal efficiencies of total phosphorus (71±1.3%) at the Defiance Lake Erie site was
higher than the average removal efficiencies of total phosphorus (38±2.5%) at the Buckeye Lake
site as were removal efficiencies of total nitrogen (41±1.6%) at Defiance were also higher than
nitrogen removal efficiencies (44±1%) at Buckeye Lake.
The combination of a high HLR (30 cm week-1) and 10 cm of standing water achieved
the best nitrogen removal efficiencies, while the highest phosphorus removal occurred with the
combination of a high HLR (30 cm week-1) and no standing water at BLW. The combination of a
high HLR (30 cm week -1) and 10 cm of standing water achieved the best phosphorus and
nitrogen removal efficiencies at Defiance in the Great Lakes Watershed.
During the two-year period at the DW site, net mass retention of phosphorus from the
water was estimated to have averaged 1.0 g P m-2 in the wetland mesocosms with the higher
hydraulic loading rate, while the highest estimated net nitrogen mass retention (average 22 g N
m-2) also with the higher hydraulic loading rate. Moreover, over the three-year period at the
BLW site, the highest estimated net phosphorus and nitrogen mass retentions were 2.9 g P m-2
and 30 g N m-2, respectively.

5.2.2 Soil
The bulk density of wetlaculture mesocosm soils at BLW and DW in 2019 was 0.25±0.01
g cm-3 and 0.31±0.01 g cm-3, respectively. BLW and DW both are hydric soil due to the historic
swamp, though the BLW site has never been used for farmland, unlike the DW site where has
been applied for fertilizer as farmland for decades. Before the beginning of the wetlaculture
experiment, BLW soils had lower phosphorus concentration (519±12μg/g), higher nitrogen
concentration (0.20±0.01%), and higher carbon concentration (2.05±0.14%) than the phosphorus
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concentration (561±18μg/g), nitrogen concentration (0.16±0.01%), and nitrogen concentration
(1.96±0.06 %) that DW soil had. There were no significant differences in soil phosphorus
concentrations at both sites before and after this study period. However, at the Buckeye Lake
site, concentrations of soil carbon and nitrogen increased significantly from 2016 to 2019 by
39% and 19% respectively through the three years of mesocosm experimentation.

5.2.3 Plants
At both wetlaculture mesocosm sites, the water level had a significant impact on the plant
species richness and the proportion of plants that are wetland indicators. Over the study period,
17 and 12 species, included the introduced S. tabernaemontani, were identified in the wetland
mesocosms at BLW and DW, respectively. More obligate wetland species, such as Typha spp,
Alisma plantago-aquatica, and Eleocharis rostellata, only appeared in mesocosms with standing
water.

5.3 Implication of potential wetlaculture sites
Wetlaculture is designed for agricultural-dominated watersheds and aims to restore
wetlands and their associated eco-functions, namely water quality improvement. The
implementation of wetlaculture on a suitable landscape can potentially yield a 40% reduction in
nutrient pollution, using merely 10% of the farmland area. The historic Great Black Swamp in
the western Lake Erie Basin is highly suitable for wetland restoration due to its natural hydric
soils and its hydrologic conditions. Our suitability analysis shows that 800 km2 (12%) of this
area is highly suitable for wetlaculture and/or wetland restoration, which is much larger than the
400 km2 of wetlands that have been suggested as necessary to control the algal blooms.

108

5.4 General conclusions
1. The wetlands component of a wetlaculture landscape can positively impact water
quality in watersheds dominated by agriculture, especially historic wetland areas.
2. For nutrient removal efficiency, hydrological conditions showed different effects on
phosphorus and nitrogen.
a. At the Buckeye Lake site, no standing water resulted in higher removal
efficiency of phosphorus compared to standing water. However, significantly
higher removal efficiencies of phosphorus were observed at the Defiance site
with standing water compared to no standing water.
b. Significantly higher removal efficiencies of nitrogen were observed in both
Buckeye Lake and Defiance sites with standing water than in those with no
standing water.
3. The hydraulic loading rate is a relatively insignificant factor for phosphorus and
nitrogen concentration reduction at Buckeye Lake and the Defiance site. The highest
net phosphorus and nitrogen mass retention rates with higher hydraulic loading
levels were observed at Buckeye Lake and the Defiance site.
4. Natural flooding with deep water and longer duration had positive impacts on the
removal efficiency of nitrate-nitrogen and negative impacts on the removal
efficiency of total phosphorus.
5. The estimated areas of highly suitable potential wetland/wetlaculture are
approximately 250,000 acres (1000 km2 or 3% of the Western Lake Erie Basin) or
200,000 acres (800 km2 or 12% of the former Great Black Swamp), respectively,
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considerably larger than the 100,000 acres (400 km2) of wetlands that have been
suggested as necessary to significantly mitigate Lake Erie algal blooms.
6. Quantifying the potential contribution of wetlands from spatial and temporal
perspectives is important for watershed management, especially when targeting
nutrient reduction goals for protecting downstream waters.
7. These mesocosm studies, which were designed to continue for up to 10 years, have
already provided valuable information for a future 4- to 40-ha (10 to 100 acre) pilot
demonstration of wetlaculture in the Western Lake Erie Basin.
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